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A B S T R A C T

Extrinsic normalization, wherein listeners utilize context cues to adapt to speech variability, is essential for 
maintaining perceptual constancy. In daily communication, distractions are ubiquitous, raising questions about 
the influence of cognitive load on this process, particularly at the cortical level. This study investigates how 
cognitive load modulates extrinsic normalization using electroencephalography (EEG). Native Cantonese 
speakers were asked to perceive Cantonese tones from multiple speakers with context cues in both single- and 
dual-task conditions. The secondary task did not hinder listeners’ normalization process at the behavioral level. 
However, EEG data revealed significant modulations of extrinsic normalization under cognitive load. Extrinsic 
normalization elicited P2, N400, and LFN, suggesting that extrinsic normalization encompasses multiple 
perceptual adjustments at stages of phonological processing, lexical retrieval, and decision-making. Cognitive 
load influenced extrinsic normalization at all these stages, as evidenced by smaller P2, larger N400, and larger 
LFN, highlighting the active and controlled nature of this process.

1. Introduction

In daily communication, listeners encounter different speakers, and 
the acoustic realization of the same word from different speakers can 
vary significantly (Ladefoged & Broadbent, 1957). For example, the 
fundamental frequency (F0) is the most important acoustic correlate for 
lexical tone perception. However, due to generally shorter and thinner 
vocal folds of female speakers, the F0 of a female speaker’s low tone 
could be higher than that of a male speaker’s high tone, making intrinsic 
acoustic cues less reliable for lexical tone perception (Peng, 2006). In 
such conditions, extrinsic context serves as a crucial cue for listeners to 
normalize speaker variability and achieve perceptual constancy. For 
instance, using the Cantonese greeting “早晨” (/zou 25 san 21/, good 
morning), listeners figure out the pitch heights for the highest (the 
endpoint of T25) and the lowest Cantonese tones (the endpoint of T21) 
for a specific Cantonese speaker, then categorize incoming tone tokens 
based on this speaker-specific acoustic-phonemic (i.e., the pitch heigh- 
tonal category) framework (K. Zhang et al., 2024). Accuracy of 
Cantonese lexical tone perception from multiple speakers improved 
significantly with context cues compared to tone identification in 
isolation (Peng et al., 2012; Wong & Diehl, 2003). Normalizing speaker 

variability in speech signals with context cues is called extrinsic 
normalization, a specific form of talker normalization strategies 
(Johnson, 2005). Extrinsic normalization is a crucial speech perception 
strategy, enabling listeners to adjust for speech variability and recognize 
the same phonemes and words regardless of the speaker’s age, gender, 
accent, or emotional state. This remarkable adaptability of the human 
auditory system is essential for speech communication in multiple- 
speaker conditions.

Daily communication scenarios frequently involve not only multiple 
speakers but also multitasking. For instance, drivers converse with 
passengers while monitoring traffic. Studies investigating the cognitive 
and neural mechanisms of speech normalization indicate that it is an 
actively controlled process and thus co-occurring distractions would 
theoretically deteriorate our accommodation to speech variability 
(Magnuson & Nusbaum, 2007). For example, Nusbaum & Magnuson 
(1997) found that the perception of mixed-speaker speech, which re
quires more frequent speaker normalization processes, is more time- 
consuming and less accurate than the perception of blocked-speaker 
speech, indicating that speech normalization relies on cognitive re
sources and thus is a controlled process. Wong et al. (2004) reported that 
while normalizing speaker variability in Cantonese tones, the middle/ 
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superior temporal regions responsible for speech processing (Yi et al., 
2019) and the superior parietal regions related to attentional networks 
(Behrmann et al., 2004) showed increased activity. The increased ac
tivity in the temporal-parietal network indicated that more cortical re
sources were required to process the speech variability and the 
involvement of the attentional network suggested that speech normali
zation is constrained by attentional resources. Aside from the attentional 
network, the speech normalization process also recruited areas associ
ated with decision-making, such as the inferior frontal gyrus, indicating 
an actively controlled process of speech normalization (Myers et al., 
2009; Myers & Mesite, 2014).

So far, only a few researchers have directly investigated whether 
cognitive load affected the extrinsic normalization process using a dual- 
task paradigm. However, the findings from these studies differ from the 
above-mentioned studies focusing on the cognitive and neural mecha
nisms of speech normalization. Reese and Reinisch (2022) synthesized a 
series of consonants ranging from /s/ to /ʃ/ to simulate production 
variability across multiple speakers. They embedded the target words 
with these ambiguous consonants in sentences produced by either a 
female or male speaker which provided talker-specific information. 
Participants were required to identify the ambiguous word while 
simultaneously performing a visual search task. They found that par
ticipants’ performances were comparable no matter whether the visual 
search tasks were absent, easy, or difficult, suggesting that the co- 
occurring distractions did not impair listeners’ ability to utilize talker- 
specific cues in contexts to resolve consonant variability. Bosker et al. 
(2017) tested the spectral and duration normalization processes in 
speech perception using a similar dual-task paradigm. They asked lis
teners to identify ambiguous vowel /ɑ/-/a:/ pairs within sentences that 
varied in duration or formant frequencies. Although Bosker et al. (2017)
did not directly address talker variability, the underlying cognitive 
processes of spectral or duration normalization are similar to those 
involved in talker normalization with contextual cues in Reese and 
Reinisch (2022); both require extracting contextual information and 
recalibrating target sounds accordingly. They found that co-occurring 
distractions did not affect listeners’ use of spectral and temporal cues 
in contexts to normalize vowel variabilities. Specifically, listeners gave 
more /a:/ responses in the context of short duration or low formant 
frequencies and more /ɑ/ responses in the context of long duration and 
high formant frequencies, regardless of the co-occurring visual search 
task. Based on Bosker et al. (2017), it is reasonable to deduce that the 
normalization of talker variability in vowels with context cues is less 
likely affected by cognitive load as well.

To date, research on the influence of cognitive load on extrinsic 
normalization has been limited to the perception of Dutch vowels 
(Bosker et al., 2017) and Austrian German consonants (Reese & Rein
isch, 2022), with little attention given to suprasegmental components. In 
fact, suprasegmental elements, such as lexical tones, are much more 
vulnerable to speaker variability than consonants and vowels. The 
prominent speaker variabilities lie in gender and age, mainly distin
guished by F0. The variation in F0 does not significantly affect the 
identification of vowels and consonants in non-tonal languages, but it 
matters in tonal languages such as Cantonese which use F0 to distinguish 
lexical meanings. For example, there are three level tones in Cantonese: 
high level (T55), mid level (T33), and low level (T22). The same base 
syllable /ji/ means different words when combined with different tones. 
It means “doctor” with /ji55/, “meaning” with /ji33/, and “two” with 
/ji2/ (Yip, 2002). Three level tones share similar pitch contours but 
differ in pitch height, and thus the variation in F0 introduced by 
different speakers severely affects the identification of Cantonese level 
tones. As a consequence, the perception of lexical tones—especially 
Cantonese level tones—appears to rely more heavily on extrinsic 
contextual cues compared with vowels and consonants. This was also 
confirmed by K. Zhang et al. (2018) and K. Zhang & Peng (2021), who 
compared the perception of vowels and tones and found that the 
perception of vowels relatively less relies on context cues, which may be 

due to the robustness of intrinsic cues. It is therefore possible that while 
the perception of vowels and consonants, being robust to talker vari
ability, may be less affected by cognitive load (as suggested by Bosker 
et al., 2017, and Reese & Reinisch, 2022), the perception of lexical tones 
which relies heavily on extrinsic contexts might be more sensitive to 
cognitive load. To fill this research gap, the present study would test the 
extrinsic normalization of Cantonese level tones under different cogni
tive load conditions, aiming to determine whether the effects of cogni
tive load on the extrinsic normalization process vary across different 
speech components.

Another point worth mentioning is that existing studies on the effects 
of cognitive load on extrinsic normalization are limited to behavioral 
studies. Behavioral studies which yield only binary (yes/no) responses, 
are insufficient for revealing how cognitive load interacts with different 
stages of the extrinsic normalization process. The speaker adaptation 
with context cues is much more complex than listeners might realize. 
Speech perception encompasses multiple processing stages, including 
acoustic decoding, phonological processing, semantic retrieval, and 
final decision-making (McClelland & Elman, 1986; Shuai & Malins, 
2017). The extrinsic normalization process—adjusting perceived 
ambiguous speech signals by referring to context cues—could occur at 
any of these stages within the speech perception hierarchy. Arava
mudhan et al. (2008), Holt et al. (2001), and Laing et al. (2012) found 
that the spectro-temporal contrast between context and target is enough 
to trigger the noticeable extrinsic normalization process. Sjerps et al. 
(2011) also observed that extrinsic normalization elicited the N1 
component, an event-related potential (ERP) component closely related 
to the acoustic processing of speech signals, indicating an auditory-level 
process of extrinsic normalization. As illustrated in the morning greeting 
example, listeners may use context cues to establish a speaker-specific 
acoustic-phonemic mapping and use it to recalibrate incoming signals, 
pointing to a perceptual adjustment at the phonological processing stage 
(Magnuson et al., 2021; Nusbaum & Magnuson, 1997). This has been 
supported by findings that phonological information (native vs. non- 
native speech) enhances the speaker adaptation process (Kang et al., 
2016; K. Zhang & Peng, 2021), and that significant P2, an ERP 
component related to phonological processing (Cheng et al., 2014), was 
observed in the normalization of Cantonese tones (K. Zhang et al., 2023; 
K. Zhang & Peng, 2021). C. Zhang et al. (2013) reported that compared 
with tone perception without effective context cues, tone perception 
with effective contexts triggered significant N400. Considering N400 is 
related to lexical retrieval, C. Zhang et al. (2013) suggested that extrinsic 
normalization might occur when listeners retrieve lexical representa
tions. Speaker adaptation has been observed at the final decision- 
making stage as well, where a comprehensive set of cues, including 
acoustic, phonological, and higher-level linguistic knowledge, are inte
grated to make perceptual adjustments before delivering an overt 
response (Bosker et al., 2017). Electroencephalography (EEG) studies 
also reported that the extrinsic normalization of lexical tones triggered a 
significant late positive component (LPC), an ERP component related to 
stimuli evaluation, contextual integration and decision making, and the 
normalization efficiency at the behavioral level was positively corre
lated with LPC amplitude (C. Zhang et al., 2013). Although most studies 
pinpointed the time locus of extrinsic normalization to a single stage of 
speech perception (for example, the acoustic processing stage in Sjerps 
et al., 2011), extrinsic normalization is most likely a multi-stage process 
encompassing both early acoustic and phonological adjustments and 
later semantic and cognitive adjustments, supported by a recent 
computational modeling study. X. Xie et al. (2023) tested several 
computational models simulating the extrinsic normalization process at 
different levels (i.e., acoustic, phonological, and cognitive adjustments) 
using real perceptual data. The study concluded that no single percep
tual adjustment alone could adequately explain the complexities of real- 
world speech perception. Instead, a combined approach involving 
perceptual adjustments at all stages provided the best explanation for 
adaptive speech perception behavior (Persson & Jaeger, 2023; X. Xie 
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et al., 2023). If extrinsic normalization indeed involves perceptual ad
justments across multiple stages of speech perception, it is challenging to 
discern how cognitive load impacts each stage based solely on these 
behavioral findings. To address this research gap, the current study 
employs EEG, with its high temporal resolution, to capture the complete 
online extrinsic normalization process under varying cognitive load 
conditions. This approach enables us to examine how cognitive load 
influences extrinsic normalization at different stages of speech 
processing.

According to previous reports about the modulation of cognitive load 
on speech perception, the present study might observe that each stage of 
the extrinsic normalization would be affected by cognitive load. 
Cognitive load affects speech perception through pulse skipping mech
anism — a process in which increased cognitive demands cause the 
auditory system to omit or “skip” certain discrete temporal events (or 
“pulses”) within the speech signal. When these pulses, which contribute 
to the fine-grained spectral and temporal details of speech, are not fully 
processed, the precision of the acoustic information available for 
perception is compromised (Block et al., 2010; Chiu et al., 2019; Feng 
et al., 2021; Zakay & Block, 1995). For example, Heinrich et al. (2020)
reported that cognitive load affected the encoding of low-level acoustic 
information, such as pure-tone threshold, duration, intensity, and VOT. 
Some EEG research also identified the effect of cognitive load on speech 
perception at the relatively late stage involving working memory. For 
example, Z. Xie et al. (2023) reported that compared to the single-task 
condition, the dual-task condition selectively reduced neural tracking 
of some linguistic features mainly at latencies > 200 ms, beyond early 
acoustic processing. Kasper et al. (2014) reported that in a dual task 
paradigm, a visual task affected the auditory task at both early (as 
indexed by reduced N1 amplitude in unattended conditions) and late (as 
indexed by enhanced P3 in unattended conditions) stages of speech 
processing. Therefore, cognitive load probably modulates the extrinsic 
normalization at different adjustment stages as well. However, the de
gree of modulation may vary at different stages. Considering that 
acoustic processing is more automatic than the late stages of the speech 
perception process, such as phonological processing, lexical retrieval, 
and decision-making, cognitive load may show stronger effects on the 
later perceptual adjustment stages of the extrinsic normalization process 
but relatively weaker effects on acoustic adjustment. The present study 
will compare high and low cognitive load conditions to elaborate the 
finer interplay between cognitive load and different stages of the 
extrinsic normalization process.

Extrinsic normalization is an important perceptual strategy for lis
teners to adapt to speaker variability. Multitasking is common in daily 
communication. However, it remains unclear how the cognitive load 
introduced by multitasking modulates the extrinsic normalization pro
cess, especially for suprasegmental components. Recent computational 
modeling research (X. Xie et al., 2023) suggested that the extrinsic 
normalization likely involves perceptual adjustment across multiple 
speech perception stages. In contrast, existing behavioral studies cannot 
reveal how cognitive load interacts with extrinsic normalization at these 
distinct stages. To address these questions, the present study would use 
EEG to investigate the perception of Cantonese level tones under 
different cognitive load conditions. Findings of this study are expected to 
enrich our understanding of the neural mechanisms underlying extrinsic 
normalization in tonal languages in the multitasking scenario.

Considering that Cantonese level tones show stronger reliance on 
extrinsic contexts than the perception of segments such as vowels (K. 
Zhang et al., 2018; K. Zhang & Peng, 2021), it is hypothesized that the 
present study would observe a significant modulation of cognitive load 
on extrinsic normalization, differing from those reported by Bosker et al. 
(2017) and Reese & Reinisch (2022). Native Cantonese speakers will be 
asked to perceive Cantonese level tones from multiple speakers with the 
help of contexts. If they use context cues to guide their tone perception, 
the same level tone would be perceived as a high-level tone in the 
context of low pitch and as a low level tone in the context of high pitch. 

By comparing their perception of Cantonese tones in contexts of 
different pitch heights, the present study aims to observe if listeners use 
context cues to normalize lexical tone variability at the behavioral level 
(Francis et al., 2006; Moore & Jongman, 1997; Wong & Diehl, 2003; K. 
Zhang et al., 2017). The extrinsic normalization process at the cortical 
level cannot be easily separated by comparing tone perception in con
texts of different pitch heights, since no matter in the high or low con
texts, listeners performed the normalization process. However, many 
studies have replicated that nonspeech contexts with the same F0 in
formation as speech contexts did not affect the perception of Cantonese 
tones, but speech contexts did, indicating that extrinsic normalization 
did not show in the nonspeech-context condition but in the speech- 
context condition at least for Cantonese tone perception. Therefore, 
the present study adopts the speech-nonspeech comparison method to 
observe the extrinsic normalization process at the cortical level, which 
was used in previous EEG studies (e.g., K. Zhang & Peng, 2021, C. Zhang 
et al., 2013). Since previous EEG studies reported N1 (e.g., Sjerps et al., 
2011), P2 (K. Zhang et al., 2023; K. Zhang & Peng, 2021), N400 (e.g., C. 
Zhang et al., 2013), and LPC (e.g., C. Zhang et al., 2013) components 
during the extrinsic normalization process, the present study will focus 
on these components as well. It is hypothesized that at least one ERP 
component among the four would show in the extrinsic normalization of 
Cantonese tones. The dual-task paradigm will be used to investigate the 
effect of cognitive load on extrinsic normalization. To compare with 
previous studies, a similar visual search task to Bosker et al. (2017) and 
Reese & Reinisch (2022) is used as the secondary task. Listeners need to 
finish the Cantonese tone perception task while performing a co- 
occurring visual search task. Three conditions, no secondary task, easy 
secondary task, and difficult secondary task, are included to see how the 
degree of cognitive load modulates extrinsic normalization at the 
behavioral and cortical levels. It is hypothesized that at the behavioral 
level, extrinsic normalization of Cantonese tones becomes harder when 
the cognitive load increases, and that at the cortical level, the amplitude 
(s) of ERP component(s) indexing extrinsic normalization process 
changes and the latencies become longer as cognitive load increases.

2. Methods

2.1. Participants

Thirty-two native Hong Kong Cantonese speakers participated in the 
experiment (Mean age = 20.52; 15 females). They were students at the 
Hong Kong Polytechnic University during the experiment’s timeframe 
and spent most of their time in Hong Kong before 18 years old. All 
participants had minimal exposure to professional music training, 
capping at three years, and self-reported normal hearing, speech, and 
language abilities. All participants were right-handed, as assessed by the 
Edinburgh Handedness Inventory (Oldfield, 1971). Comprehensive in
sights into the experimental procedures were provided to all partici
pants, and informed consents were acquired prior to the commencement 
of the experiment. Participants received appropriate compensation for 
their time. The study was conducted in adherence to the ethical guide
lines approved by the Human Subjects Ethics Sub-committee of The 
Hong Kong Polytechnic University.

2.2. Experimental procedure and stimuli

A dual task paradigm was used to evaluate how cognitive load affects 
the speech normalization process. The primary task involved a 
Cantonese word identification task, where participants were required to 
identify a target word embedded in either speech or nonspeech contexts. 
The secondary task was a visual search task, in which participants 
looked for the presence of a specific pattern. Audio stimuli were bilat
erally delivered through inserted earphones, and visual stimuli were 
presented at the center of a monitor. The entire experiment was con
ducted in a soundproof booth. The experiment consisted of four blocks 
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presented in a counter-balanced order across participants: a nonspeech- 
context with no secondary task block (NS-N), a speech-context with no 
secondary task block (SP-N), a speech-context with low-load secondary 
task block (SP-LL), and a speech-context with high-load secondary task 
block (SP-HL).

The trial procedure was illustrated in Fig. 1. For blocks without the 
secondary task, each trial began with a 500-ms fixation, followed by a 
context stimulus. A target stimulus was then played after a silence in
terval ranging between 300 ms and 500 ms. A prompt “Which word?” 
appeared on the screen 350–550 ms following the target stimulus, 
instructing participants to press the corresponding key to indicate the 
last word they heard: 醫 (/ji55/, doctor), 意 (/ji33/, meaning), or 二 
(/ji22/, two). The next trial was initiated once a response was detected 
or if the maximum response time of 1500 ms was reached. The trial 
procedure for the blocks with the secondary task was largely similar 
except that when presenting the context stimulus, a figure appeared on 
the screen. Participants were asked to search if there is a white diamond 
in the figure. After completing the auditory task, another prompt 
showing on the screen asked participants to indicate whether a white 
diamond was present by pressing the corresponding key. The experi
menter emphasized that both the word identification task and the visual 
search task were of equal importance; thus, they should attend carefully 
to both auditory context and the visual figure.

The auditory stimuli for the Cantonese word identification task 
replicated those used in Tao et al. (2021). Each trial incorporates a 
context (either speech or nonspeech) and a speech target. The speech 
context was the Cantonese phrase 呢個字係 (/li55 ko33 tsi22 hɐi22/, 
meaning “this word is …”), articulated by four native Cantonese 
speakers with varying pitch ranges [female high (FH), female low (FL), 
male high (MH), and male low (ML)]. To introduce intra-speaker vari
ability, the F0 trajectories of the original recordings were adjusted three 
semitones up or down in Praat (Boersma & Weenink, 2023), forming 
three distinct pitch-height contexts: high-F0, mid-F0, and low-F0 speech 
context. Nonspeech contexts, created from triangle waves, were 
manipulated to mirror the pitch heights and durations of the speech 
counterparts, resulting in three nonspeech contexts. The speech targets 
consistently utilized the Cantonese syllable 意 (/ji33/, meaning) spoken 
by the same four speakers. Different from contexts, there was no pitch 
height manipulation for target speech. The manipulation resulted in 24 
contexts (2 sound types × 4 speakers × 3 pitch heights) and four targets 
(/ji33/ × 4 speakers). When concatenating the context and target 
stimuli, we ensured that each trial featured stimuli from the same 

speaker. Cantonese tone T33 is highly ambiguous, especially when 
presented in isolation under mixed-talker conditions (Peng et al., 2012). 
However, if listeners use context cues to assist their identification (i.e., 
the extrinsic normalization), they tend to perceive the target word as 
/ji55/ in contexts of low F0 and as /ji22/ in contexts of high F0. 
Therefore, by testing if there is context-dependent perception of target 
word, we can tell whether listeners engaged in the speech normalization 
process. To maintain naturalness, context stimuli durations remained 
unchanged, whereas target stimuli durations were normalized to 450 ms 
to accommodate EEG signal processing. The intensity of the speech 
stimuli was set at 55 dB, and nonspeech stimuli at 75 dB to equate 
perceived loudness, as evaluated by native Cantonese listeners. Specifics 
on F0s and durations of the auditory stimuli are detailed in Tao et al. 
(2021). Additional fillers, undergoing similar pitch manipulation as the 
test stimuli, were also included. The context fillers were Cantonese 
phrases: 我而家讀 (/ŋo23 ji21 ka55 tuk2/, now I will read…) and 請留心 
聽 (/tshiŋ25 ləu21 sɐm55 thiŋ55/, please listen to…carefully). The 
target fillers were Cantonese 意 (/ji33/, meaning) or 二 (/ji22/, two).

The low- and high-load secondary tasks differed in the complexity of 
the visual stimuli. The visual stimuli used for the visual search task were 
similar to those in Bosker et al. (2017). There are two types of visual 
stimuli composed of object grids, containing an equal number of 
randomly positioned red diamonds, red/white triangles, red/white 
upside-down triangles, and red/white squares on a black background. A 
4 by 4 grid made up the low cognitive-load condition and a grid of 8 by 8 
made up the high cognitive load condition (Fig. 2). In half of the trials, 
one randomly selected object in the grid was replaced by a white 
diamond.

Each block contained 108 test trials (4 speakers × 3 pitch heights × 9 
repetitions) and 36 fillers. Each repetition forms a subblock. Four 
speakers and three pitch heights were all presented in one subblock and 
presented in a random order to maximize the effect of speech variability. 
Before the formal tasks, practices were provided for each subject to 
familiarize themselves with the experimental procedures. The visual and 
auditory stimuli used in the practice were not used in the formal task. 
Speech contexts were four-syllable Cantonese phrases “呢個字係”, while 
the target syllables were low-, mid-, and high-level tone characters (i.e., 
“二”, “意”, and “醫”) in the high-, mid-, and low-F0 speech context trials 
respectively, to reduce ambiguity during the practice.

Fig. 1. The trial procedures for the cantonese word identification task.
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2.3. EEG signal recording

EEG signal was recorded using a SynAmps 2 amplifier (NeuroScan, 
Charlotte, NC, U.S) with a cap carrying 64 Ag/AgCl electrodes placed on 
the scalp surface at the standard locations according to the international 
10–20 system. Two offline reference channels were placed at the left and 
right mastoids respectively. Two bipolar channels were used to record 
horizontal and vertical electrooculography (EOG) to monitor the hori
zontal and vertical eye movements, respectively. Impedance between 
the online reference electrode (placed between Cz and CPz) and any 
recording electrode was kept below 5 kΩ for all participants. EEG signals 
were recorded continuously at the sampling rate of 1000 Hz. The 
detailed preprocessing of EEG signals was presented immediately before 
the EEG results report (see section 3.2. for details).

3. Results

3.1. Behavioral data

3.1.1. The primary task: The Cantonese word identification task
Participants’ response in each experimental condition is plotted in 

Fig. 3. As can be seen, participants’ identification of the target words 
was almost not affected by the pitch heights of nonspeech contexts, but 

their responses to the target words changed along with the pitch height 
of speech contexts no matter with or without secondary tasks. To sta
tistically evaluate how different conditions affect listeners’ utilization of 
context cues to normalize target words, a multinomial logistic regression 
model was fitted to all participants’ responses in the Cantonese word 
identification task, using the nnet package (Venables & Ripley, 2002) in 
R. Response category (three levels: /ji22/, /ji33/, and /ji55/; with 
/ji33/ as the reference level) was the dependent variable. Pitch height 
(three levels: low, mid, high; dummy coded with mid as the reference 
level), condition (four levels: NS-N, SP-N, SP-LL, and SP-HL; dummy 
coded with NS-N as the reference level), and pitch height by condition 
interaction were included as predictors. The significance of each pre
dictor was assessed using likelihood ratio tests via the anova() function 
from the car package. The analysis revealed a significant main effect of 
pitch height, χ2 (4) = 9310, p < 0.001, a significant main effect of con
dition, χ2 (6) = 1025.6, p < 0.001, and a significant pitch height by con
dition interaction, χ2 (12) = 2567.2, p < 0.001, indicating that the effects 
of pitch height on the Cantonese word identification were different 
across four experimental conditions.

To statistically evaluate how different experimental conditions 
modulated the normalization process, the post-hoc analysis on the pitch 
height by condition interaction was conducted using the emmeans pack
age (Lenth, 2019) in R. If participants did the normalization process, 

Fig. 2. The pictures used in the visual search task.

Fig. 3. The percentage of three responses in different experimental conditions.
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their word identification should show a context-dependent pattern. 
Specifically, /ji55/ responses would be most prevalent in low-F0 con
texts, /ji33/ responses most prevalent in mid-F0 contexts, and /ji22/ 
responses most prevalent in high-F0 contexts. Therefore, in the post-hoc 
analysis, we first compared the expected response with another two 
alternatives and see if there is a typical context-dependent perception in 
each condition. Bonferroni method was adopted to correct for the 
multiple comparison. Table 1 lists the prob and SE of each response in 
different conditions and the statistics of by-pair contrast. As can be seen, 
the analysis revealed that in SP-N, SP-LL, and SP-HL conditions, subject 
gave significantly more /ji55/ responses (see Table 1 for the specific 
prob and SE for each response and p value for each pairwise comparison) 
in low contexts than /ji33/ and /ji22/; they gave significantly more 
/ji33/ responses in mid contexts than /ji55/and /ji22/; they gave 
significantly more /ji22/ responses in high contexts than /ji33/ and 
/ji55/, indicating that normalization process occurs in SP-N, SP-LL, and 
SP-HL conditions. However, in the NS condition, /ji33/ response is the 
most prevalent one in all three pitch heights, indicating no reliable 
normalization process in the NS condition. The analysis reduplicated the 
previous finding that the normalization of Cantonese level tones only 
occurs at the speech contexts but not the nonspeech contexts (e.g., C. 
Zhang et al. 2013).

We further compared the percentage of expected responses in the 
same pitch height across SP-N, SP-LL, and SP-HL, three conditions 
showing significant normalization process, to evaluate if the degree of 
normalization process varies across three conditions with different 
cognitive loads. Bonferroni method was adopted to correct for the 
multiple comparison. The results revealed that in low-F0 contexts, the 
percentages of /ji55/ response in SP-N, SP-LL, and SP-HL are compa
rable (ps = 1), in mid-F0 contexts, the percentage of /ji33/ response in 
SP-N, SP-LL, and SP-HL are comparable (ps = 1), and in high-F0 

contexts, the percentage of /ji22/ response in SP-N, SP-LL, and SP-HL 
are also comparable (ps = 1), indicating that the secondary tasks did 
not affect the normalization process at the behavioral level.

3.1.2. The secondary task: The visual search task
The accuracy rate of the visual search task is plotted in Fig. 4. A 

mixed-effects linear regression model was fitted on the accuracy of the 
visual search task to statistically evaluate if the accuracy of the sec
ondary task was affected by the task difficulty. The pitch height (three 
levels: low, mid, and high), load (two levels: low and high) and their 
two-way interaction were included as the fixed effects in the model. Due 
to convergence issues, only the by-participant intercept and by-speaker 
intercept were included as the random effects. The p-values for each 
fixed factor were derived using the ‘afex’ package (Singmann et al., 
2015). After identifying significant main effects or interactions, post-hoc 
pairwise comparisons were conducted using the ‘lsmeans’ package 
(Lenth, 2019), applying Tukey adjustment for multiple comparisons. 
The results suggested that load is a significant main effect, χ2 (1) =
507.85, p < 0.001. The visual search accuracy was significantly higher 
in the low-load condition than in the high-load condition. Neither pitch 
height nor pitch height by condition interaction was significant in the 
analysis of the accuracy of the visual search task (ps > 0.05).

3.2. ERP results

3.2.1. The preprocessing of EEG signals
EEG data was processed using custom scripts in MATLAB with 

functions from EEGLAB (Delorme & Makeig, 2004) and ERPLAB (Lopez- 
Calderon & Luck, 2014). The EEG signals were filtered offline with a 0.1 
Hz high-pass and a 30 Hz low-pass filters (both slopes = 12 dB/Oct) and 
re-referenced offline to the average mastoid recordings. Epochs from 

Table 1 
The results of the post-hoc analysis on the pitch height by context interactions in the Cantonese word identification task.

Pitch height Resp. prob SE β SE t p

NS Low /ji55/ 0.099 0.009 ​ ​ ​ ​
​ Low /ji33/ 0.495 0.015 0.397 0.02 20.339 <0.001
​ Low /ji22/ 0.406 0.015 0.308 0.019 16.277 <0.001
​ Mid /ji55/ 0.103 0.009 − 0.406 0.02 − 20.581 <0.001
​ Mid /ji33/ 0.509 0.015 ​ ​ ​ ​
​ Mid /ji22/ 0.388 0.014 − 0.121 0.028 − 4.369 <0.001
​ High /ji55/ 0.099 0.009 − 0.296 0.019 − 15.724 <0.001
​ High /ji33/ 0.507 0.015 0.113 0.028 4.072 0.0013
​ High /ji22/ 0.394 0.014 ​ ​ ​ ​
SP-LL Low /ji55/ 0.846 0.011 ​ ​ ​ ​
​ Low /ji33/ 0.128 0.01 − 0.719 0.02 − 35.93 <0.001
​ Low /ji22/ 0.026 0.005 − 0.82 0.013 − 61.998 <0.001
​ Mid /ji55/ 0.054 0.007 − 0.763 0.016 − 47.939 <0.001
​ Mid /ji33/ 0.818 0.011 ​ ​ ​ ​
​ Mid /ji22/ 0.128 0.01 − 0.69 0.02 –33.988 <0.001
​ High /ji55/ 0.007 0.002 − 0.857 0.011 − 78.411 <0.001
​ High /ji33/ 0.129 0.01 − 0.735 0.02 − 36.904 <0.001
​ High /ji22/ 0.864 0.01 ​ ​ ​ ​
SP-N Low /ji55/ 0.828 0.011 ​ ​ ​ ​
​ Low /ji33/ 0.143 0.01 − 0.685 0.021 –32.793 <0.001
​ Low /ji22/ 0.03 0.005 − 0.798 0.014 − 57.633 <0.001
​ Mid /ji55/ 0.067 0.007 − 0.733 0.017 − 43.093 <0.001
​ Mid /ji33/ 0.8 0.012 ​ ​ ​ ​
​ Mid /ji22/ 0.133 0.01 − 0.667 0.021 –32.297 <0.001
​ High /ji55/ 0.004 0.002 − 0.861 0.011 − 81.451 <0.001
​ High /ji33/ 0.13 0.01 − 0.735 0.02 − 36.909 <0.001
​ High /ji22/ 0.865 0.01 ​ ​ ​ ​
SP-HL Low /ji55/ 0.812 0.012 ​ ​ ​ ​
​ Low /ji33/ 0.155 0.011 − 0.657 0.022 − 30.409 <0.001
​ Low /ji22/ 0.033 0.005 − 0.779 0.014 − 54.027 <0.001
​ Mid /ji55/ 0.072 0.008 − 0.741 0.017 − 43.309 <0.001
​ Mid /ji33/ 0.813 0.012 ​ ​ ​ ​
​ Mid /ji22/ 0.115 0.009 − 0.698 0.02 − 35.498 <0.001
​ High /ji55/ 0.006 0.002 − 0.865 0.011 − 81.448 <0.001
​ High /ji33/ 0.123 0.01 − 0.748 0.02 − 38.397 <0.001
​ High /ji22/ 0.871 0.01 ​ ​ ​ ​
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− 100 to 800 ms (time locked to the onset of the target stimulus) were 
extracted and baseline-corrected based on the − 100 – 0 ms pre-target 
stimulus activity. Any epochs exceeding ± 100 μV at any scalp chan
nels were discarded. Eye blinks were detected automatically by a mov
ing window peak-to-peak threshold criterion on the VEOG data with a 
threshold of 100 μV, a window size of 200 ms, and a widow step of 50 
ms. Horizontal eye movements were detected automatically by a step- 
like threshold criterion on the HEOG data with a threshold of 40 μV, a 
window size of 400 ms, and a window step of 10 ms. Participants with 
less than 70 % accepted epochs in any bins (i.e., 4 conditions × 3 pitch 

heights) were excluded, resulting in 30 participants for analysis. Overall, 
the acceptance rate was 95.6 % (SD = 4.1 %) in NS-N, 97.3 % (SD = 3.1 
%) in SP-N, 94.2 % (SD = 5.3 %) in SP-LL, and 92.2 % (SD = 5.7 %) in 
SP-HL.

3.2.2. The selection of time window and electrodes for each ERP component
The global field power (Fig. 5, left) was calculated as the root mean 

square of the ERP voltage and then averaged across the scalp electrodes, 
three pitch heights, four speakers, four conditions, and 30 subjects. ERP 
waves at different experimental conditions were plotted in Fig. 6. Ac
cording to the global field power and the ERP waves, four ERP compo
nents were identified during the target tone perception: N1, P2, N400, 
and LFN. The appearance of N1, P2, and N400 were consistent with our 
hypothesis and previous reports (Sjerps et al., 2011; K. Zhang & Peng, 
2021; C. Zhang et al., 2013), and thus they were included in the further 
analysis. Although the appearance of LFN was unexpected, a similar 
component, LPC, was reported by C. Zhang et al., (2013). It was said that 
LFN and LPC (especially LPC at the parietal area) could be two separate 
ends of the same dipole (Astle et al., 2008), and thus LFN was included in 
the analysis as well. The selected time window and electrodes for each 
ERP component are detailed in Table 2. The time window for each ERP 
component was identified based on the timeframe within which the ERP 
component appeared, as discerned through visual inspection of the 
global field power (refer to the boxes in Fig. 5, left). The electrodes 
corresponding to each ERP component were chosen based on the to
pographies where the ERP amplitudes were anticipated to peak (Fig. 5, 
right).

3.2.3. ERP amplitude
The mean amplitude of each ERP in different conditions is visualized 

in Fig. 7. A linear mixed-effects regression model was applied to the 
mean ERP amplitude of each component, utilizing the ‘lme4′ package 
(Bates et al., 2015) in R. The ERP wave for each condition was calculated 
by averaging the EEG epochs over nine repetitions and four speakers in 
MATLAB. Given that nine repetitions are insufficient to acquire reliable 
ERPs, the EEG epochs were further averaged across four speakers, as the 
study did not intend to examine the participants’ responses to individual 
speakers. The mean ERP amplitudes, which were used for model fitting, 
were further averaged over electrodes for two reasons. Firstly, models 
with electrodes as a random effect failed to converge. Secondly, given 
the EEG signals’ low spatial resolution, analyses on each electrode might 
not yield meaningful insights. Consequently, the model was designed to 

Fig. 4. The accuracy of the secondary task in different experimental conditions.

Fig. 5. The global field power (left) and topographies in different time windows (right).
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include only condition (NS-N, SP-N, SP-LL, and SP-HL), pitch height (high, 
mid, low), and their two-way interactions as fixed effects. Due to 
convergence issues, only the by-participant intercept was included as a 
random effect in each model. The p-values for each fixed factor were 
derived using the ‘afex’ package (Singmann et al., 2016). After identi
fying significant main effects or interactions, post-hoc pairwise com
parisons were conducted using the ‘lsmeans’ package (Lenth, 2019), 
applying Tukey adjustment for multiple comparisons. The results were 
summarized below.

N1: There was a significant main effect of condition, χ2 (3) = 10.34, p 

= 0.016. However, the post-hoc analysis revealed that N1 amplitudes in 
the four conditions were not significantly different from each other (p >
0.05). Pitch height (p = 0.908) and condition by pitch height interaction (p 
= 0.937) were not significant.

P2: There was a significant main effect of condition, χ2 (3) = 78.17, p 
< 0.001. The P2 amplitude was significantly higher in nonspeech con
texts (M = 1.93, SE = 0.274) than in the other three conditions (SP-N: M 
= 0.768, SE = 0.23; SP-LL: M = − 0.465, SE = 0.254; SP-HL: M = −

0.164, SE = 0.298, ps < 0.001). The P2 amplitude was also significantly 
higher in SP-N than in SP-LL and SP-HL (ps < 0.01). The P2 amplitudes 
were comparable in SP-LL and SP-HL (p = 0.719). Pitch height (p =
0.372) and condition by pitch height interaction (p = 0.945) were not 
significant.

N400: There was a significant main effect of condition, χ2 (3) =
145.44, p < 0.001. The post-hoc analysis revealed that NS-N (M = 0.056, 
SE = 0.257) triggered significantly smaller N400 compared with the 
other three conditions (SP-N: M = − 0.86, SE = 0.229; SP-LL: M = − 2.5, 
SE = 0.204; SP-HL: M = − 2.41, SE = 0.224; ps < 0.001). The N400 
amplitude was significantly smaller in SP-N than in SP-LL and SP-HL (ps 
< 0.01). SP-LL and SP-HL showed no significant difference (p = 0.98). 
Pitch height (p = 0.78) and condition by pitch height interaction (p =
0.925) were not significant.

LFN: There was a significant main effect of condition, χ2 (3) = 83.22, 

Fig. 6. The ERP waves during the target word perception in different conditions.

Table 2 
The time window and electrodes for each ERP component.

ERP Time 
window

Electrodes

N1 70–180 ms F3, F1, FC5, FC3, FC1, C5, C3, C1, CP5, CP3, CP1, P5, P3, 
FC2, CP4, C4

P2 180–270 ms FP1, AF3, F1, FC1, FPz, Fz, FCz, Cz, FP2, AF4, F2, FC2, F8,
N400 270–520 ms F5, F3, F1, FC5, FC3, FC1, C5, C3, Fz, F2, F4, F6, FC4, FC6, 

AF4
LFN 520–800 ms F5, FC5, FP1, AF3, F3, FC3, F1, FPz, Fz, FP2, AF4, F2, F4, 

F6, F8
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p < 0.001. The NS-N (M = − 0.634, SE = 0.394) triggered significantly 
smaller LFN compared with the other three conditions (SP-N: M = −

1.63, SE = 0.376, p = 0.014; SP-LL: M = − 3.43, SE = 0.285, p < 0.001; 
SP-HL: M = − 3.05, SE = 0.325, p < 0.001). The LFN amplitude was 
significantly smaller in SP-N than in SP-LL or SP-HL (ps < 0.001). SP-LL 
and SP-HL showed no significant difference (p = 0.654). Pitch height (p =
0.882) and condition by pitch height interaction (p = 0.811) were not 
significant.

3.2.4. ERP latency
The peak latency of each component, for every participant, was 

determined as the time point corresponding to either the minimal (for 
N1, N400, and LFN) or maximal (for P2) point of the 2nd-order poly
nomial curve fitted to the ERP wave. The peak latency of each ERP 
component in different experimental conditions is illustrated in Fig. 8. 
The statistical approach employed for analyzing ERP latency mirrored 
the one used for ERP amplitude, incorporating pitch height, condition, and 
their two-way interaction as fixed effects, and by-participant intercept as 
the random effect within each linear mixed-effects model. The results 
were presented subsequently.

P2: There was a significant main effect of condition, χ2 (3) = 7.94, p 
= 0.047. However, the post-hoc analysis revealed that the latencies in 
four conditions were not significantly different from each other (ps >
0.05). Pitch height (p = 0. 709) and condition by pitch height interaction (p 

= 0.695) were not significant.
N400: There was a significant main effect of condition, χ2 (3) =

10.37, p = 0.016. The post-hoc analysis only revealed a significant dif
ference between NS-N (M = 0.397, SE = 0.007) and SP-HL (M = 0.418, 
SE = 0.005, p = 0.023). The latencies in other conditions were not 
significantly different from each other (ps > 0.05). Pitch height (p =
0.998) and condition by pitch height interaction (p = 0.15) were not 
significant.

No significant main effects or interactions were found in the analysis 
of N1 and LFN latencies.

In sum, the behavioral results suggested that listeners can success
fully adapt to speaker variability when contexts are speech no matter in 
single- or dual- task conditions, but they cannot use cues from nonspeech 
contexts to assist their Cantonese word identification. More importantly, 
their behavioral performance of speaker adaptation was similar in 
speech contexts with and without secondary tasks. Subjects performed 
significantly poorer in the visual search task of high cognitive load. 
However, different from the behavioral results, the analysis of the EEG 
signals revealed that at the cortical level, listeners performed differently 
in the single- and dual- task conditions. Specifically, subjects showed 
reduced P2 and enhanced N400 and LFN amplitudes in the dual-task 
speech-context conditions compared with the single-task speech- 
context condition. However, the N1 components were similar across 
different experimental conditions.

Fig. 7. The amplitude of each ERP component in different conditions.
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4. Discussion

To investigate the neural mechanisms underlying the effect of 
cognitive load on extrinsic normalization process, especially for supra
segmental components, the present study recorded EEG signals while 
Cantonese listeners perceived Cantonese level tones from four different 
speakers with speech and nonspeech contexts in single- and dual- task 
conditions. Four ERP components emerged during the target tone 
perception, indicating a much more complex online process of extrinsic 
normalization than reported by previous EEG studies which frequently 
allocated the time locus of the extrinsic normalization process to a single 
ERP (e.g., Sjerps et al., 2011). The effects of cognitive load were also 
observed in the analysis of several ERP components. Although the sta
tistical analysis incorporated all four experimental conditions into a 
single regression model to avoid multiple comparison issues, we adopted 
a two-step strategy to interpret the results. As mentioned in the Intro
duction, we first identified the ERP components that were related to 
normalization process by comparing EEG signals in speech and 
nonspeech contexts. Then, we investigated how cognitive load modu
lates speech normalization by comparing these ERPs related to 
normalization process across speech contexts with or without secondary 
tasks.

4.1. The multiple stages of the extrinsic normalization process

Listeners in the present study could use immediate pitch cues in 
speech contexts to guide their perception of target tones, regardless of 
the secondary task. Specifically, they gave more /ji55/ responses in low- 
F0 speech contexts, more /ji33/ responses in mid-F0 speech contexts, 
and more /ji22/ responses in high-F0 speech contexts, showing a typical 
context-dependent perception of Cantonese tones in speech contexts. 
However, their perception of target tones was almost unaffected by 
nonspeech contexts, as reflected by the similar perceptual heights in 
nonspeech contexts with different pitch heights. Therefore, the behav
ioral results suggested that successful speaker normalization only 
occurred in speech contexts but not in nonspeech contexts, replicating 
the speech-specific context effect on speaker normalization (Chen et al., 
2023; Francis et al., 2006; C. Zhang et al., 2012; K. Zhang et al., 2017). 
The speech-specific context effect indicated that the extrinsic normali
zation process at the cortical level can be observed by contrasting the 
EEG signals elicited by Cantonese tone perception in speech and 
nonspeech contexts.

At the cortical level, the Cantonese tone perception did show sig
nificant differences in speech and nonspeech contexts. Although the 
present study used three speech-context blocks (i.e., SP-N, SP-LL, and 
SP-HL), the speaker normalization process at the cortical level was 
identified by contrasting NS-N with SP-N only to make the experimental 

Fig. 8. The latency of each ERP component in different conditions.

K. Zhang and G. Peng                                                                                                                                                                                                                         Brain and Language 266 (2025) 105579 

10 



conditions comparable. The ERP analysis suggested that the Cantonese 
tone perception in SP-N started to differ from that in NS-N from 180 ms 
after the stimulus onset and continued to the end of the ERP analyzing 
time window, covering P2, N400, and LFN. However, Cantonese tone 
perception triggered statistically comparable N1 in NS-N and SP-N. 
Considering that speech-nonspeech difference reflected the extrinsic 
normalization process, the ERP pattern suggested that extrinsic 
normalization was mainly implemented in the P2, N400, and LFN time 
windows, and that no significant extrinsic normalization process was 
observed in the N1 time window. The ERP results from the present study 
provided at least two important insights. First, extrinsic normalization is 
less likely a pure acoustic level process. N1 is mainly affected by the 
stimuli acoustic properties such as frequency and intensity, and thus it is 
regarded as reflecting the acoustic process of auditory signals (Picton 
et al., 1978). The absence of N1 difference in NS-N and SP-N indicated 
that extrinsic normalization is less likely implemented at the acoustic 
processing stage. Second, the significant speech-nonspeech difference in 
the P2, N400, and LFN time windows suggested that extrinsic normali
zation is more likely a joint effect of multiple adjustments at different 
speech perception stages.

Previous studies about the auditory word identification reported that 
P2 is associated with the phonological process (Cheng et al., 2014; Landi 
et al., 2012; C. Zhang et al., 2015). For example, P2 amplitudes differed 
in perceiving real words compared with phonotactically illegal non
words (Cheng et al., 2014). BA 22, one of the cortical origins of P2 
(Godey et al., 2001), showed selective activation in processing phone
mic features (Mesgarani et al., 2014). Therefore, the significant speech- 
nonspeech difference in the P2 time window in the present study sug
gested that listeners adjust to the speaker differences with context cues 
in the phonological process stage. When listeners need to map the 
decoded acoustic signals to phonemes, they refer to the context cues to 
make the perceptual adjustment to facilitate this process.

N400 is often observed when the semantic meaning violates the 
expectation built from the contexts (Kutas & Federmeier, 2011). Lau 
et al. (2009) observed similar N400 components for the word identifi
cation in different contexts (e.g., sentence frame vs. prime word con
texts; incongruent sentence endings vs. unrelated word pairs). 
Considering that different contexts should require different levels of 
integration, Lau et al. (2009) further clarified that N400 observed in the 
semantic violation conditions reflected the access stage of stored lexical 
information, rather than the integration stage of context and target lex
ical information. The significant speech-nonspeech difference in the 
N400 time window in the present study indicated that listeners made 
further perceptual adjustments with context cues in the lexical retrieval 
stage. When listeners retrieve a label from the mental lexicon to match 
the perceived signals, they again refer to the context cues to facilitate 
their lexical retrieval process.

Different from C. Zhang et al. (2013), a significant LFN instead of LPC 
emerged in the lexical tone normalization process in the present study. 
LFN and late parietal positivity (i.e., the LPC at the parietal area) could 
be the two separate ends of the same dipole, and thus they may index 
similar underlying cognitive processes (Astle et al., 2008). LFN was 
frequently observed in the task-switching paradigm. Switching to a new 
rule elicits a larger LFN, and thus LFN reflects cognitive flexibility 
(Rahman et al., 2022; Waxer & Morton, 2011). Rahman et al. (2022)
also observed that LFN was significantly correlated with response time. 
Trials with later responses also showed more negative LFN, indicating 
that LFN was strongly related to decision-making. The significant 
speech-nonspeech difference in the LFN time window in the present 
study suggested that even at the final decision-making stage, subjects 
still used context cues to make perceptual adjustments to the perceived 
signals.

Taken together, the ERP pattern in the present study suggested that 
listeners first decoded the acoustic cues of the target speech in the N1 
time window, and when they need to interpret the acoustic cues, for 
example giving them linguistic labels, they would use all the 

information available including context cues to assist this interpretation. 
Since the language-specific process started from the phonemic level, the 
first noticeable context effect was observed in P2 which is usually 
related to phonological processing. More importantly, listeners likely 
used context cues to make perceptual adjustments to the perceived 
signals at multiple stages before giving the overt response, as indexed by 
the speech-nonspeech context differences in multiple consecutive ERP 
components (i.e., P2, N400, and LFN). The multiple-stage adjustments 
indicate that listeners most likely maximize the usage of context cues 
during the Cantonese tone perception to make the most optimal 
response. This is the first study to provide neural evidence supporting a 
multi-stage adjustment model for the extrinsic normalization process, 
encompassing the early phonological processing stage, the intermediate 
lexical retrieval phase, and the final decision-making stage. This EEG 
result is largely consistent with the computational modeling study which 
found that a combined computation model involving perceptual ad
justments at multiple speech processing stages matches best with the 
listeners’ speaker adaptation data (X. Xie et al., 2023).

4.2. The effects of cognitive load on the extrinsic normalization process

The investigation of the effect of cognitive load on extrinsic 
normalization is important to understand how the brain functions in 
real-life listening conditions which involve both multiple speakers and 
multitasking. To answer this question, the present study asked listeners 
to identify the Cantonese level tones from four different speakers with 
context cues in either single- or dual-task conditions. However, different 
results were observed at the behavioral and cortical levels. At the 
behavioral level, the Cantonese tone perception was significantly 
affected by speech contexts no matter in the single- or dual- task con
dition, indicating a successful speaker normalization process. More 
importantly, listeners’ Cantonese tone perception in the single-task 
condition and that in the dual-task conditions were comparable, and 
even the more difficult visual search task did not significantly affect the 
Cantonese tone perception compared with the single-task condition. 
Therefore, the behavioral results suggested that extrinsic normalization 
of Cantonese tones was not affected by the co-occurring visual search 
task, which was consistent with previous behavioral studies using 
similar experiment paradigms (e.g., Bosker et al., 2017; Reese & Rein
isch, 2022). Although compared with vowels and consonants used in 
Bosker et al. (2017) and Reese & Reinisch (2022), the perception of 
Cantonese level tones relies on more extrinsic contexts (K. Zhang et al., 
2018), the present study failed to find a significant effect of cognitive 
load on listeners’ utilization of context cues at the behavioral level, 
indicating that the effect of cognitive load on extrinsic normalization 
might not vary across segmental and suprasegmental components.

However, we cannot simply conclude that extrinsic normalization is 
an automatic process, since at the cortical level, a significant modulation 
of the visual search task on the extrinsic normalization process was 
observed. P2, N400, and LFN, ERP components indexing extrinsic 
normalization in the present study, showed significant differences in the 
single- and dual- task blocks. The P2 amplitude was significantly smaller 
in the dual-task block than in the single-task block. Meanwhile, the 
amplitudes of N400 and LFN were significantly larger in the dual-task 
block than in the single-task block. N1, which was not notably 
affected by extrinsic normalization, was not affected by the visual search 
task either. The presence of a visual search task inherently increases 
cognitive demand compared to the no-task condition. In the present 
study, participants responded first to the auditory target word and then 
to the visual task. Consequently, during the auditory target word 
listening period—the window used for EEG analysis—participants were 
still internally managing the visual task (e.g., memorizing, recalling, and 
preparing a response for the upcoming visual task). These internal 
processes consume cognitive resources that would otherwise be avail
able for processing the auditory target, thus increasing the overall 
cognitive load. Meanwhile, the pictures, which were only presented 
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during the context phase, likely disrupts the extraction of critical context 
cues necessary for lexical tone normalization. Cognitive load theory 
posits that incomplete information increases mental effort, as listeners 
must compensate by inferring or reconstructing missing cues (Sweller, 
2011). This additional processing demand further elevates cognitive 
load. When cognitive load increased (relative to no secondary task 
condition), three ERP components, reflecting distinct stages of normal
ization process, changed accordingly. Therefore, we interpret these 
changes as evidence that cognitive load modulates the normalization 
process at the cortical level. Besides, we cannot entirely rule out the 
possibility that attention contributed to the observed effects as well, 
although several measures were taken to minimize its influence. Spe
cifically, pictures were presented exclusively during the context stim
ulus phase; no visual stimuli appeared during the target word 
presentation; and the ERP analysis was time-locked to the onset of the 
target. These strategies reduce the likelihood that participants’ attention 
was directed toward the pictures during target processing. Nevertheless, 
it is possible that the allocation of attention to the visual stimuli during 
the context phase leads to less available contextual information for 
target normalization, which may have contributed to the observed ERP 
differences as well.

The ERP difference was only observed in conditions with or without 
secondary tasks, but two secondary tasks, differing in difficulty, showed 
similar effects on the normalization process at the cortical level. This 
might suggest that the cognitive load imposed by our visual search tasks 
may not have varied sufficiently to differentially impact normalization. 
A careful inspection of the visual search task provided evidence for this 
interference. The figures in the visual search task were only presented 
during the context phase, and when processing the target word, both 
easy and difficult secondary tasks imposed similar cognitive load by 
requiring internal management of visual task processing (e.g., memory 
of the decision and response preparation). This resulted in statistically 
comparable effects on the cortical normalization process. If we had used 
secondary tasks, such as digital recall tasks, with varying cognitive 
loads, we likely would have observed corresponding effects of task dif
ficulty on the normalization process. Although the critical load effect is 
not captured by the distinction between easy and hard secondary tasks 
due to the above-mentioned reason, the presence versus absence of a 
secondary task indeed revealed a significant cognitive load effect.

Overall, the results suggested that extrinsic normalization was 
affected by the visual search task at the cortical level, but such effects 
were not observed at the behavioral level. It is important to note that 
behavioral measures and ERP signals capture different aspects of speech 
processing. Behavioral data reflect the final decision outcome, whereas 
ERPs index the dynamic, stage-by-stage processing leading up to that 
outcome. The normalization process, as a multistage processes, may 
exhibit compensatory mechanisms across stages, stabilizing behavioral 
outcomes despite variations in intermediate processing. Thus, the 
absence of behavioral differences does not preclude the modulation of 
cognitive load on the normalization process at the cortical level.

The ERP results suggested that all time windows related to the 
extrinsic normalization process were modulated by increased cognitive 
load introduced by the visual search tasks. P2, as an auditory evoked 
potential, was related to the phonological processing (Cheng et al., 
2014; Landi et al., 2012; Mesgarani et al., 2014; C. Zhang et al., 2015). 
Directing attention toward auditory stimuli enhanced the P2 amplitude 
(Picton et al., 1971). Therefore, the smaller P2 in the dual-task condition 
in the present study might be due to the divided attention caused by the 
co-occurring visual search task. Amplitude reductions might reflect 
smaller post-synaptic potentials in the same neurons and/or activation 
of fewer neurons in a population (Kutas & Federmeier, 2011). Fewer 
neuron activations might result in a shallower phonological processing 
at the P2 time window. It can be deduced that listeners in the dual-task 
blocks in the present study cannot be fully engaged in the perceptual 
adjustment with context cues at the phonological processing stage due to 
the divided attention.

N400 reflects lexical retrieval (Lau et al., 2009), and its amplitude 
becomes smaller when lexical retrieval is easier (Kutas & Federmeier, 
2011). The larger N400 amplitude in the dual-task blocks in the present 
study indicated that even if behavioral accuracy is maintained, the un
derlying neural processes of lexical retrieval may be taxed more heavily 
under the dual-task condition than the single-task condition. It is 
possible that due to the secondary task, listeners do not have enough 
cognitive resources to use context cues effectively to facilitate lexical 
retrieval. Another potential reason for the lexical retrieval difficulty 
might be the shallower phonological processing in the P2 time window. 
That is, listeners in the dual-task blocks cannot use context cues to adjust 
for speaker variability in the phonological processing stage as success
fully as they did in the single-task block, and thus they might not be able 
to give a clear phonological label to the perceived signal. The ambiguous 
phonological labels in turn made lexical retrieval more difficult in the 
N400 time window. This possibility was somewhat supported by the 
correlation analysis between P2 amplitude reduction and N400 ampli
tude increasement. We first calculated the amplitude difference between 
SP-N and SP-LL, and between SP-N and SP-HL for both P2 and N400 to 
index the cognitive-load manipulations on P2 and N400. The Pearson 
correlation analysis suggested that the P2 amplitude difference was 
significantly correlated with the N400 amplitude difference (SP-LL: r =
0.85, p < 0.001; SP-HL: r = 0.8, p < 0.001). The greater the reduction in 
P2 amplitude in the dual-task blocks compared to the speech-context 
single-task block (i.e., SP-N), the larger the increase in N400 ampli
tude, suggesting that the phonological process constrained the lexical 
retrieval process in the present study.

LFN, most frequently observed in the task-switching paradigm, re
flects cognitive flexibility in response adjustment and is closely related 
to the decision-making process (Rahman et al., 2022; Waxer & Morton, 
2011). In the task-switching paradigm, switching to a new rule, which is 
more challenging than following the old rule, elicits a larger LFN. The 
enhanced LFN in the dual-task condition in the present study suggested 
that additional neural resources are required to make the final percep
tual adjustment with context cues due to the distraction of the secondary 
task. Although this increased neural processing need did not translate to 
a deficit in behavioral performance, it signaled a more challenging 
normalization process during the decision-making stage at the cortical 
level. Aside from the distraction from the secondary task, the difficulty 
in making perceptual adjustments in the LFN time window could also be 
partially caused by the shallower phonological processing in the P2 time 
window. Similarly, we also calculated the LFN amplitude differences 
between SP-N and SP-LL, and between SP-N and SP-HL to index the load 
modulation on LFN. Significant correlations between the P2 amplitude 
reduction and LFN amplitude increase were observed (SP-LL: r = 0.59, p 
< 0.001; SP-HL: r = 0.64, p < 0.001). The larger the P2 amplitude 
reduction due to the secondary task, the larger the LFN amplitude in
crease, indicating that the final decision making was constrained by the 
early phonological processing as well.

In summary, the present study is the first to investigate how cogni
tive load modulates the extrinsic normalization process at the cortical 
level. The ERP differences observed between the single- and dual- task 
conditions suggest that the increased cognitive load introduced by visual 
search tasks continuously influences the extrinsic normalization process 
at the cortical level, starting from the early phonological processing 
stage and continuing to the final decision-making stage. Cognitive load 
made listeners less engaged in the perceptual adjustment with context 
cues at the phonetic/phonological stage. Furthermore, due to the 
increased cognitive load, perceptual adjustment at the lexical retrieval 
stage became more difficulty and required greater cognitive effort to 
adapt at the decision-making stage. Additionally, a shallower phono
logical process might further increase the difficulty in lexical retrieval 
and decision making. These EEG results complement previous behav
ioral studies, offering deeper insight into the neural dynamics involved 
in the management of talker variability under multitasking conditions. 
Although the interpretations of our EEG findings are grounded in 
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established literature, EEG data alone cannot definitively quantify the 
“difficulty” of cortical processing. Future studies employing methods 
capable of directly measuring metabolic or energy consumption during 
task performance could further clarify the relationship between these 
ERP modulations and the underlying neural processing demands.

4.3. The insignificant effects of cognitive load on extrinsic normalization 
at the behavioral level

Although cognitive load affected extrinsic normalization at the 
cortical level, behaviorally listeners still successfully adjusted speaker 
differences in Cantonese level tones with context cues, which might be 
partially due to the invulnerable process of context speech. The ERP 
analysis revealed comparable N1s in the single- and dual- task condi
tions, suggesting that the acoustic process of the target speech was not 
affected by the secondary task. The unaffected N1 also means that the 
acoustic process of speech signals is an automatic process (Näätänen 
et al., 1978; Näätänen & Picton, 1987). Consequently, the acoustic 
process of the context speech was probably not or only mildly affected 
by the secondary task. In such a condition, the acoustic information, 
such as the speakers’ F0 range conveyed by speech contexts, could be 
used for perceptual adjustments at the later speech processing stages (i. 
e., the P2, N400, and LFN time windows). This might be one of the 
reasons why the present study and previous studies with similar 
experiment designs failed to find a significant effect of cognitive load on 
extrinsic normalization at the behavioral level (e.g., Bosker et al. 2017; 
Reese & Reinisch, 2022).

The insignificant effect of cognitive load on extrinsic normalization 
at the behavioral level may also lie in the target processing stage. Aside 
from the context cue extraction, the perceptual adjustment at the target 
processing stage is another important part of extrinsic normalization. 
Most studies presented the distractors only in the context processing 
stage, and subjects needed to decide whether the distractors have the 
designated properties (e.g., with/without a white diamond in the pre
sent study). In most cases, the response to the secondary task is after the 
word identification task. Therefore, subjects mainly need to keep an 
answer to the secondary task (yes or no) during the target speech 
perception. Probably, some subjects could recall the visual stimuli or 
make response preparation, which may affect the target speech 
perception as well. The storage of an answer in the working memory and 
the potential processing lagging of the secondary task did significantly 
affect the online target speech processing, as reflected by the smaller P2, 
larger N400, and larger LFN in the present study. However, they might 
not be strong enough to totally block the perceptual adjustments during 
the target speech perception. Feng et al. (2021) presented six graphic 
symbols sequentially in the secondary task and asked subjects to recall 
their orders. Subjects in Feng et al. (2021) had to keep six meaningless 
symbols in their working memory, which required much more cognitive 
resources than the visual search tasks in the present study, and indeed 
Feng et al. (2021) observed a significant effect of cognitive load on 
Mandarin tone perception. Therefore, it is possible that if we change to a 
secondary task that consumes more cognitive resources, we may observe 
an impaired extrinsic normalization of Cantonese tones at the behavioral 
level as well.

SP-LL and SP-HL conditions showed no significant difference at the 
behavioral and cortical levels, which might be due to the above- 
mentioned two reasons as well. First, considering the automaticity of 
acoustic processing, the acoustic cues of the context speech can be 
extracted no matter in the high-load or low-load blocks. Besides, as 
discussed in Section 4.2, easy and difficult visual search tasks essentially 
imposed similar cognitive load, such as memorizing a yes/no decision or 
internally preparing responses for the secondary task. Future studies 
may employ secondary tasks, such as digital recall, with varying 
cognitive loads to assess how different loads influence the normalization 
process.

5. Conclusion

The present study offers novel insights into how cognitive load in
fluences the extrinsic normalization of Cantonese tones from a neuro
physiological perspective. Our results demonstrate that extrinsic 
normalization is not a singular event but involves a series of processing 
stages—from initial phonological encoding to higher-level decision 
making—as evidenced by the sequential activation of P2, N400, and LFN 
components. This finding provides the first neural evidence for the 
multiple-stage model of the extrinsic normalization process. Impor
tantly, we show that cognitive load exerts its influence across all of these 
stages, a nuance that has not been captured in previous behavioral 
studies. Under dual-task conditions, the observed ERP pattern, a 
diminished P2 response alongside augmented N400 and LFN ampli
tudes, suggests that the secondary task impairs the efficiency of online 
perceptual adjustments, reinforcing the idea that extrinsic normaliza
tion is an actively controlled process. Although cognitive load did not 
alter the acoustic processing of speech signals (as evidenced by consis
tent N1 responses across conditions), it had a pronounced impact on 
higher-level speech processes that rely on working memory, including 
phonological processing, lexical retrieval, and decision-making. These 
distinctions reinforce the notion that extrinsic normalization is sensitive 
to the availability of cognitive resources. Future studies need to be 
carried out to test whether more demanding distractor tasks might in
fluence speaker normalization at the behavioral level.
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