Brain & Language 266 (2025) 105571

Contents lists available at ScienceDirect

Brain and Language

journal homepage: www.elsevier.com/locate/b&l|

ELSEVIER

L))

Check for

Semantic overreliance as a suboptimal compensation for syntactic | el
impairments in children with Developmental Language Disorder™

a,b

Jueyao Lin ™", Xiaocong Chen ", Xunan Huang °, Patrick Chun Man Wong 4
Angel Wing Shan Chan "¢, Michael T. Ullman’, Caicai Zhang *"*"

@ Neurocognition of Language, Music and Learning (NLML) Lab, Department of Chinese and Bilingual Studies, Hong Kong Polytechnic University, Hong Kong, China
Y Research Centre for Language, Cognition and Neuroscience, Department of Chinese and Bilingual Studies, Hong Kong Polytechnic University, Hong Kong, China

€ School of Life Science and Technology, University of Electronic Science and Technology of China, Sichuan Province, China

4 Department of Linguistics and Modern Languages, Chinese University of Hong Kong, Hong Kong, China

¢ The Hong Kong Polytechnic University - Peking University Research Centre On Chinese Linguistics, Hong Kong, China

f Department of Neuroscience, Georgetown University, USA

ARTICLE INFO ABSTRACT

Keywords: The neurocognitive dynamics of semantic-syntactic interplay are not well understood in children with and
Developmental Language Disorder without Developmental Language Disorder (DLD). This study examined the N400, P600 and their interplay in
Eé(())(()) Cantonese-speaking children with DLD and age-matched typically developing (TD) children, by manipulating

semantic and syntactic violations in Chinese classifier-noun agreement. Behaviorally, children with DLD
demonstrated overall lower accuracy in grammaticality judgment. The N400 and P600 analyses respectively
confirmed robust semantic processing but attenuated syntactic processing in the DLD group. Crucially, the N400-
P600 interplay analyses revealed that TD children prioritized syntactic processing over semantic processing for
outright syntactic violations, as indicated by less N400-P600 dependence and robust P600 dominance, whereas
children with DLD relied on semantic processing and showed reduced P600 dominance. These results underscore
a challenge to prioritize syntactic processing and (suboptimal) compensatory reliance on semantic processing in

N400-P600 tradeoff
Response dominance
Classifier-noun agreement

children with DLD, compatible with the predictions of the Procedural circuit Deficit Hypothesis.

1. Introduction

The acquisition of language is pivotal in childhood development. In
this context, Developmental Language Disorder (DLD)—previously
known as Specific Language Impairment (SLI)—emerges as a significant
concern (Bishop et al., 2017). DLD is a neurodevelopmental disorder
which entails difficulties in understanding, speaking, and learning the
intricacies of language; it impacts approximately 5-11 % of children
globally (Leonard, 2014; McGregor, 2020; T’sou et al., 2006; Wu et al.,
2023). Notably, this disorder is not attributable to hearing impairment,
nonverbal intellectual disabilities, or other overt biomedical conditions
(Bishop et al., 2017; Leonard, 2014). Children with DLD exhibit signif-
icant deficits in a broad range of language areas, among which mor-
phosyntax is one of the significantly affected areas (Leonard, 2014;
Sheng et al., 2023). For example, English-speaking children with DLD

commonly struggle with verb tense and agreement (Conti-Ramsden &
Durkin, 2012; Haebig et al., 2017; Leonard, 2014; Purdy et al., 2014).
Beyond linguistic deficits, non-linguistic deficits in domain-general
procedural memory, working memory, rapid temporal processing,
speed of processing, and processing limitations are also observed in
children with DLD (Leonard, 2014).

However, the neurocognitive substrates of this common childhood
language disorder remain controversial, particularly in real-time lan-
guage processing. Real-time processing of naturally spoken sentences is
closely linked to everyday functioning and offers an important testing
ground for current theories on the neurocognitive mechanisms of DLD.
Real-time language processing can reveal specific areas of difficulty,
such as syntactic, semantics, and their real-time interplay in children
with DLD, as compared to children with typical development (TD).
Several studies have employed electroencephalography (EEG), which
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has excellent temporal resolution, to investigate semantic violation
processing (e.g., N400) and syntactic violation processing (e.g., Early
Left-Anterior Negativity/ELAN or P600) in children with DLD
(Fonteneau & van der Lely, 2008; Haebig et al., 2017; Purdy et al., 2014;
Weber-Fox et al., 2010). These studies have generated important in-
sights into the underlying neural deficits of DLD. However, these studies
often examined semantic and syntactic processing separately, and little
attention has been paid to the neurocognitive dynamics of semantic-
syntactic interplay, which is the focus of the current study.

1.1. ERP studies on semantic and syntactic processing in individuals with
DLD

Several ERP studies have examined syntactic processing during
sentence judgment tasks in children or adolescents with DLD and re-
ported syntactic processing deficits (Courteau et al., 2023; Fonteneau &
van der Lely, 2008; Haebig et al., 2017; Purdy et al., 2014; Weber-Fox
et al., 2010). In comparison to their TD counterparts, adolescents and
children with DLD demonstrated diminished P600 effects in processing
third-person singular tense agreement (Haebig et al., 2017; Weber-Fox
et al., 2010), regular and irregular number agreement (Courteau et al.,
2023), and long-distance finiteness errors (Purdy et al., 2014), high-
lighting a consistent pattern of syntactic processing challenges in the
DLD population. While significant group differences in the Anterior
Negativity were generally not observed (Purdy et al., 2014; Weber-Fox
et al., 2010), an exception is noted in a specific subgroup with gram-
matical impairments (i.e., G-SLI), where an Early Left Anterior Nega-
tivity (ELAN) anomaly was reported in response to syntactic violations
in question sentences (Fonteneau & van der Lely, 2008). These findings
provided support for syntactic deficits in DLD.

In contrast to the commonly observed syntactic deficits marked by
attenuated P600, results of semantic processing abilities presented
interesting variations. These studies investigated N400 responses in
children with DLD primarily by tasks featuring semantic incongruity.
Some of them suggested that semantic processing is relatively intact in
individuals with DLD, as indicated by their comparable N400 responses
to matched controls with TD in these studies (Courteau et al., 2023;
Fonteneau & van der Lely, 2008; Haebig et al., 2017; Weber-Fox et al.,
2010). Interestingly, there are also studies reporting atypical N400
patterns in the DLD population, such as enhanced N400 effect for
incongruous items (Neville et al., 1993) or the lack of N400 effect due to
elevated N400 responses in the congruous conditions (Sabisch et al.,
2006). Furthermore, Popescu et al. (2009) found that children with DLD
showed no N400 differences between incorrect and correct conditions
before the intervention, but after intervention, they showed reduced
N400 magnitudes in the correct baseline condition but not in the
incorrect condition, leading to a stronger N400 effect in turn. Helenius
et al. (2009) found that adults with DLD history showed comparable
N400 responses to the control group in the baseline, but their N400
effects were not modulated by repetition (the first versus the second
time of the word repetition) or lexicality (word versus nonword). Alto-
gether, these findings indicate that atypical N400 in DLD, if any, tends to
manifest in a form of over activation or inflexible activation (e.g., lack of
modulation by other factors). These patterns of anomaly stand in
contrast to that of the P600, where atypical P600 in DLD is often pre-
sented as attenuation.

It is worth noting that the previous studies on DLD typically analyzed
the N400 and P600 components separately and solely focused on one of
the functions, either semantic integration or syntactic reanalysis, to
correspondingly probe the specific neural deficits in DLD. However, the
involvement of these functions during language processing might not be
as clear-cut as previously thought. For example, the P600 may be eli-
cited with some semantic violations (Kim & Osterhout, 2005; Nakano
etal., 2010), while the N400 may be elicited with syntactic violations (e.
g., in second language (L2) learners) (Tanner et al., 2013).

Importantly, recent evidence indicates a real-time interplay between
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the N400 and P600 during online language comprehension, which likely
reflects the brain’s allocation of cognitive resources between semantic
and syntactic processing (Coderre & Cohn, 2023; Kim et al., 2018;
Tanner et al., 2013). Across individuals, a negative correlation between
the N400 and P600 responses (i.e., a tradeoff) has been reported, where
larger magnitudes of N400 effects were associated with smaller mag-
nitudes of P600 effects (Kim et al., 2018; Tanner et al., 2013).
Furthermore, by comparing the magnitude of N400 and P600 effects
within an individual, differences in the relative response dominance
between the two components have been noted, ranging from N400-
dominant to P600-dominant patterns, which likely reflect automatic
prioritization of semantic or syntactic processing (Coderre & Cohn,
2023; Delogu et al., 2019; Kim et al., 2018; Tanner et al., 2013). Such
differences in response dominance can be at least partly explained by
individual differences in behavioral accuracy and working memory ca-
pacities. For example, among L2 speakers, early-stage L2 learners with
lower accuracy in language tasks exhibited a more pronounced N400
effect coupled with a less pronounced P600 effect in response to mor-
phosyntactic violations (Tanner et al., 2013). In contrast, experienced L2
speakers with higher accuracy tended to show a P600-dominant trend,
indicative of stronger syntactic processing and structural repair (Hahne
& Friederici, 2001; Tanner et al., 2013). This discrepancy could suggest
an over-reliance on semantic processing over syntactic processing in
early-stage L2 learners. Even among native speakers, individual differ-
ences have been noted. Kim et al. (2018) showed that some individuals
showed more P600-dominant effects to semantic anomaly, whereas
others demonstrated N400-dominant effects to the same stimuli,
whereby the degree of P600 dominance can be explained by larger
verbal working memory capacities. Delogu et al. (2019) found that the
most accurate subjects demonstrated reliable P600 effects compared to
the baseline condition, while the least accurate subjects had no P600
effects.

Taking inspiration from the above work on real-time interplay be-
tween the N400 and P600 in neurotypical individuals who are first
language (L1) and L2 learners, we aim to investigate the neurocognitive
dynamics of semantic-syntactic interplay in children with DLD, apart
from potential group differences in semantic or syntactic processing per
se. This approach serves a dual purpose: it fills a critical empirical gap to
identify the N400-P600 interplay in children with and without DLD, and
it enables us to examine potential compensatory mechanisms in children
with DLD.

1.2. The declarative/procedural model and procedural circuit deficit
hypothesis

The Declarative/Procedural (DP) model (Ullman, 2016) and the
Procedural circuit Deficit Hypothesis (PDH) of DLD (Ullman et al., 2020;
Ullman & Pierpont, 2005) offer an appropriate framework to study and
interpret the N400 and P600 responses and their interplay in children
with and without DLD. These models generate theoretical predictions
that align with the observed N400-P600 tradeoff, providing insights into
potential compensatory mechanisms in children with DLD. The DP
model assumes that language processing is subserved by two competi-
tive long-term memory systems: declarative memory and procedural
memory. In typical development, these two systems have specialized,
though partly overlapping, roles in language: declarative memory pri-
marily supports semantic processing (indexed by N400), while proce-
dural memory primarily supports syntactic processing (indexed by ELAN
or P600). This dynamic, competitive relationship between declarative
memory and procedural memory—often described as a ’see-saw’ effect,
where increased reliance on one system may reduce engagement of the
other system—might partly explain the N400-P600 interplay observed
in the aforementioned studies of real-time language processing in L2 and
L1 neurotypical individuals (Coderre & Cohn, 2023; Kim et al., 2018;
Tanner et al., 2013).

Extending this framework to atypical development, the PDH applies
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the DP model to characterize linguistic and non-linguistic deficits in
children with DLD (Ullman et al., 2020; Ullman & Pierpont, 2005). The
PDH posits that DLD is primarily associated with deficits in procedural
memory, while declarative memory remains relatively intact. Given the
competitive relationship between the two memory systems, the PDH
suggests that children with DLD may rely more heavily on declarative
memory as a compensatory mechanism for procedural memory deficits.
In the context of real-time language processing, this implies that chil-
dren with DLD may exhibit an atypical pattern of N400-P600 tradeoff,
with a relatively comparable N400, attenuated P600, and an over-
reliance on N400 during syntactic processing. Therefore, the DP model
and PDH framework could be used to predict not only deficits in single
ERP components related to semantic and syntactic processing (e.g.,
N400 and P600, respectively), but also the typical and atypical interplay
between these ERP components.

In light of this theoretical framework, the current study investigated
the neurocognitive dynamics of semantic-syntactic interplay in Chinese
children with DLD compared to their TD peers. Moving beyond the
traditional approach of examining N400 and P600 in isolation, this
study adopts a comprehensive approach to analyze the real-time inter-
action between N400 and P600. By focusing on the N400-P600 inter-
play, we aim to deepen our understanding of DLD, providing new
insights into individual differences in language processing propensities
and compensatory mechanisms across neurotypical and language-
impaired populations.

1.3. The current study

As the majority of existing DLD studies are centered on English and
other Indo-European languages, Chinese-speaking children with DLD
are less well-studied (Sheng et al., 2023). In particular, there is a gap in
studies on real-time language processing. Therefore, we aim to examine
real-time semantic processing, syntactic processing and their interplay,
via classifier-noun agreement, in an ERP study on Cantonese children
with DLD in the current study.

Chinese classifier is at the interface of syntactic and semantic pro-
cessing. Syntactically, classifier is mandatory in a noun phrase when a
numeral or demonstrative precedes a noun, linking the numeral or
demonstrative to the noun (Matthews & Yip, 2011). For example, jatl
bun2 siu2 syut31 means ‘one classifierpyn novel.” The current study
mainly focuses on sortal classifiers, which is a type of classifiers that
characterizes semantic features, such as shape, function and animacy, of
the noun. The classifier-noun agreement is largely governed by semantic
features. For example, tiu4 is a shape classifier that denotes long and
flexible shape of the noun (e.g., jat1 tiu4 jyu2 ‘one classifiery4 fish’), and
it would be inappropriate to say jat1 tiu4 siu2 syut3 “one classifiertjy4
novel.” Nonetheless, in some cases, a noun could be associated with
different classifiers, each emphasizing different features of the noun (e.
g., jat1 tiu4 jyu2 and jatl zek3 jyu2, where tiu4 emphasizes the shape of
the fish, while zek3 emphasizes animacy). It is worth mentioning that
go3 is a default classifier, which is often used when the specific classifier
of a noun is unknown to the speaker, or when the noun lacks a specific
classifier (Chan, 2019). Go3 is less semantically specified and mainly
used to quantify the number of objects (e.g., jatl go3 jan4 ‘one classi-
fiergo3 person’, jatl go3 caang2 ‘one classifiergy3 orange’). It can also be
used to quantify abstract concepts (e.g., jatl go3 nam2 faat3 ‘one clas-
sifiergo3 idea’) or used in informal speech where specificity is less
critical.

Several studies have examined the acquisition of classifiers in
Cantonese children, which appears to reveal a complex interplay of the
development of syntactic and semantic knowledge (Mak, 1991; Stokes &
So, 1997). For example, Mak (1991) divided 4- to 8-year-old children

! The pronunciation is denoted with Jyutping, which is a romanization system
for Cantonese developed by the Linguistic Society of Hong Kong in 1993.
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into five groups based on their accuracy rate in an elicitation task of
Cantonese sortal classifiers. The author found that the rate of omissions
was low in groups 1-3, which may suggest that early in the develop-
ment, children have acquired syntactic knowledge that classifier is
mandatory in a noun phrase. Intriguingly, the rate of omission increased
in group 4, before dropping again in group 5. Stokes and So (1997)
further proposed a stage model of classifier acquisition based on the
results of Mak (1991). In an early stage (21-50 % accuracy), the children
mainly used a “fill space” syntactic strategy. In the intermediate stage
(51-80 % accuracy), a semantic strategy appeared to dominate over the
syntactic strategy, where the children would rather omit the classifier
than use a wrong or default classifier, leading a temporary increase of
omission errors. In the advanced stage (>80 % accuracy), the syntactic
strategy prevailed again, and omission errors became rare. Children
would use the default classifier when a specific classifier is unknown,
like typical adults. The researchers also reported that Cantonese chil-
dren with DLD exhibited a delay in acquiring classifiers — they were at
earlier stages with lower accuracy where either a syntactic strategy was
rigorously applied (e.g., incorrect classifiers are applied to fill the
space), or the semantic strategy started to take over (e.g., omission er-
rors as a result of avoidance of over-generalization). In a recent study
(Cheung, 2008), it reported similar findings that Chinese children with
DLD used a narrower range of specific classifiers in spontaneous speech
contexts and might require stronger contextual cues to learn and apply
specific classifiers correctly compared to younger and language-
matched TD children.

ERP studies on neurotypical adults confirmed the engagement of
both semantic and syntactic processing in classifier-noun agreement.
When the noun is combined with an incorrect classifier, which is
semantically incongruent with the noun (e.g., *jatl bun2 toi2 ‘*one
classifierpyny table’), the N40O effect is observed (Chan, 2019; Zhang
et al., 2012). When the classifier is omitted (e.g., one @& table), which is
an apparent syntactic violation, the P600 effect tends to be observed
(Chan, 2019; Qian & Garnsey, 2016). However, as far as we are aware,
no studies have directly examined the dynamic interplay between se-
mantic and syntactic processing (i.e., the N400-P600 tradeoff and
response dominance) reflecting automatic processing prioritization and
compared the differences between children with DLD and TD. The
unique nature of Chinese classifiers, situated at the interface of semantic
features and syntactic rules, makes them particularly relevant for
investigating the N400-P600 interplay in children with DLD.

To address the above issues, the current study employed a combined
behavioral and ERP approach to investigate semantic processing (N400
effect), syntactic processing (P600 effect) and their interplay (see details
below), as they subserve classifier-noun agreement processing, in a
group of Cantonese-speaking school-age children with DLD and another
group of age-matched children with TD. Four types of classifier-noun
relationship in spoken sentences were manipulated: (1) correct classi-
fier, (2) incorrect classifier, (3) omission of classifiers, and (4) default
classifier (i.e., go3). Sentences in the correct condition contained a
specific classifier which was semantically congruent with the ensuing
noun and served as the baseline. Sentences in the incorrect condition
contained a specific classifier which was semantically incongruent with
the accompanied noun. Sentences in the omission condition had no
classifier, which was an outright syntactic violation. Sentences in the
default classifier condition contained a default classifier go3 in the place
of a correct, specific classifier, leading to a mild semantic anomaly. The
children were asked to perform a grammaticality judgment task on these
sentences.

As informed by previous studies (Chan, 2019; Frankowsky et al.,
2022; Qian & Garnsey, 2016), in children with TD, we predicted that the
incorrect condition would mainly elicit a N400 effect relative to the
baseline correct condition; the omission condition would mainly elicit a
P600 effect; the default condition with go3 might mainly elicit a mild
N400. Note that we do not expect each condition to only elicit a N400 or
P600 effect. Indeed, both N400 and P600 are likely to be elicited in a
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condition, but their relative dominance is likely to be modulated by the
severity of semantic and syntactic violations across conditions (Grey
et al., 2017; Kim et al., 2018; Tanner et al., 2013). For children with
DLD, we predicted that they would show comparable semantic pro-
cessing (i.e., comparable N400) to children with TD, but they would
have deficits in syntactic processing (i.e., attenuated P600), based on
previous reports of syntactic impairments in DLD (Courteau et al., 2023;
Fonteneau & van der Lely, 2008; Haebig et al., 2017; Purdy et al., 2014;
Weber-Fox et al., 2010).

Importantly, we also analyzed the N400-P600 interplay using two
measures to capture different aspects of the interplay and compared
them across the conditions and the two groups. The first measure was
the N400-P600 tradeoff. Previous studies reported the tradeoff as a
negative correlation between the magnitude of N400 and P600 effects
(Kim et al., 2018; Tanner et al., 2013); accordingly, the current study
quantified the tradeoff as the regression slope between the magnitudes
of the N400 and P600 effects across individuals of a group under a
specific condition (for details, see Section 2.5). Given that we examined
a tradeoff, a negative slope was anticipated, and a more negative slope
meant a sharper decrease in the magnitude of P600 effects predicted by
an increase in the magnitude of N400 effects. Based on the DP model and
the findings from neurotypical adults (Chan, 2019; Frankowsky et al.,
2022; Kim et al., 2018; Qian & Garnsey, 2016), we predicted that at least
in children with TD, they would show dynamic adaptation to different
features of violations across the conditions (i.e., the more semantically
dominant incorrect condition vs. the more syntactically dominant
omission condition), thereby exhibiting different degrees of N400-P600
tradeoff slopes. For example, in the omission condition with outright
syntactic violations (where syntactic processing should be prioritized
over semantic processing), less tight N400-P600 coupling would be ex-
pected: a strong P600 effect would be expected relatively independently
from the magnitude of the preceding N400 effect. We expected the
patterns to deviate in children with DLD, especially in the omission
condition. The PDH postulates that children with DLD may rely on se-
mantic processing as a compensation for the syntactic challenges. Thus,
we expected that, compared to TD children, children with DLD would
show a relatively stronger N400-P600 tradeoff (i.e., steeper slopes) in
the outright syntactic violation (i.e., the omission condition).

The second measure was the relative dominance of P600 over N400
effects, which was calculated using the response dominance index (RDI,
for calculation details see 2.5 Statistical analysis; Grey et al., 2017). While
the tradeoff slopes quantified the degree of correlation between the
N400 and P600 effects across individuals of a group, the RDI probed the
primary processing employed in comprehension, whether semantic or
syntactic, based on the relative strength of N400 and P600 effects within
an individual. Therefore, analyzing both the tradeoff slope and RDI was
crucial for a holistic understanding of the N400-P600 interplay, allow-
ing us to discern the balance between semantic and syntactic processing
and identify the dominant processing under various linguistic condi-
tions. Based on previous studies that reported syntactic impairments and
intact semantic processing in DLD (Courteau et al., 2023; Fonteneau &
van der Lely, 2008; Haebig et al., 2017; Purdy et al., 2014; Weber-Fox
et al.,, 2010) together with the PDH framework, we predicted that
children with DLD might have lower RD], i.e., being less P600-dominant
and more N400-dominant, especially in the omission condition.
Compared to the slope measure, the RDI measure served as a more direct
index to quantify individual differences in the relative dominance of
semantic or syntactic processing and identify the compensatory se-
mantic overreliance in the DLD group by using the TD group as a
baseline. We further explored the relationship between the P600-
dominance (RDI) and individual differences in grammatical scores
from a standardized language assessment, to probe whether the RDI may
serve as a general neural marker of the children’s grammatical abilities.
Collectively, based on the PDH framework, we hypothesized an over-
reliance on semantic processing in children with DLD, which poten-
tially compensates for their syntactic deficits.
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2. Methods
2.1. Participants

Twenty” school-aged Chinese children with DLD (age range: 83-132
months, mean = 103.35, SD = 13.41; 8 girls) and twenty age-matched
Chinese TD children (age range: 80-135 months, mean = 102.5, SD =
16.34; 10 girls) participated in this study. All the participants were
native Cantonese speakers with normal non-verbal intelligence, normal
hearing, and no other known neurodevelopmental disorders such as
autism spectrum disorder. One DLD child with Attention Deficit and/
Hyperactivity Disorder (ADHD) was included,” following the CATALISE
diagnostic criteria that recognizes that DLD may co-occur with ADHD
(Bishop et al., 2017). All the participants were assessed with the Hong
Kong Cantonese Oral Language Assessment Scale (HKCOLAS) (T’sou
et al., 2006), which is a standardized norm-referenced spoken language
assessment tool. HKCOLAS, combined with the exclusion of biomedical
conditions, is used for diagnosing DLD in Cantonese-speaking children
in Hong Kong. It consists of six subtests (Grammar, Textual Compre-
hension, Word Definition, Lexical-Semantic Relations, Narrative, and
Expressive Nominal Vocabulary). Children scoring 1.25 SD below age
means in at least two or more subtests were included in the DLD group,
as per the standard diagnostic criteria. Children with TD scored above
—1.25 SD across all the subtests, except one child who scored —1.3 SD in
textual comprehension.” The demographic details can be seen in
Table 1. All the participants and their caregivers provided informed
written consent in compliance with the experimental protocol approved
by the Human Subjects Ethics Sub-committee of The Hong Kong Poly-
technic University. They were provided a small monetary compensation

Table 1
Participant characteristics.

Children with TD
n = 20 (Female = 10)

Children with DLD
n = 20 (Female = 8)

Mean SD Mean SD

Chronological age in months 10250 16.34 103.35 13.41

HKCOLAS standard scores’

Grammar 0.77 0.75 —-0.73 1.20
Textual comprehension 0.35 0.98 -0.79 1.23
Word definition 0.80 0.93 —0.59 1.20
Lexical-semantic relations 0.04 0.78 —1.55 0.62
Narrative 0.24 0.91 -1.81 1.17
Expressive nominal vocabulary 0.7 0.77 —1.52 1.22

Note : Standard scores are age-normed scores that adjust for age-related lan-
guage development in each subtest.

2 We conducted post hoc power analysis on the key ERP effects. Given the
known limitations of traditional post hoc power analysis, we adopted a
simulation-based approach with 1000 iterations to provide a more robust es-
timate of the observed power, using the R package simr (Green & MacLeod,
2016). The results indicated 81.5% power for the N400 effect, 100% power for
the P600 effect, and 99.1% power for the N400-P600 tradeoff. Also note that
the sample size of this study (N=20 for each group) is compatible with prior
EEG studies investigating the N400 and P600 components in DLD, which
typically ranged from 15 to 20 participants per group (Courteau et al., 2023;
Haebig et al., 2017; Purdy et al., 2014; Sabisch et al., 2006; Sabisch et al., 2009;
Weber-Fox et al., 2010).

3 This DLD child was also the only participant who reported to take medi-
cation during the time of the experiment. Exclusion of the data from this
participant did not change the overall patterns of the results presented in the
paper. Thus, we kept the data of this participant.

4 This TD child’s standard scores in the other subtests are: 1.4 (grammar),
—0.1 (word definition), —0.9 (lexical-semantic relations), 0.2 (narrative), and
0.1 (expressive nominal vocabulary) respectively.
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for their participation in the study. The participants were recruited via
poster promotion and referral from the Speech Therapy Unit at the Hong
Kong Polytechnic University.

2.2, Stimuli

The stimuli were naturally spoken short sentences with six to seven
syllables. Each of the four conditions consisted of 60 sentences, except
for the default classifier condition (i.e., 58 sentences). Note that a
“correct” response was expected for each of the 60 sentences in the
correct condition, whereas “incorrect” responses were expected for
sentences in the other conditions. After a careful reevaluation of sen-
tence acceptance, two out of 60 sentences in the default classifier con-
dition were deemed to be acceptable and therefore excluded from the
analysis, thus resulting in 60 “correct” and 178 “incorrect” sentences, or
238 target sentences in total. Accordingly, 122 filler sentences,
including 120 “correct” sentences and two “incorrect” sentences, were
added to balance the proportion of grammatically correct and incorrect
sentences. Each sentence had seven syllables, except for the 60 sentences
in the omission condition, which each had six syllables due to the
omission of the classifier. Accordingly, all the 7-syllable sentences were
normalized to 1.7 s, and all the 6-syllable sentences were normalized to
1.4 s. All the sentences were simple SVO sentences, such as go4 go1/gin3
dou2/loeng5/z06/saanl  “the elder brother/saw/two/classifier,qq/
mountain” (see Table 2 for examples and supplementary materials for
the full list of sentences). The words in the sentences are early devel-
oping and highly familiar to children. The average length of the object
nouns was 491 ms. Note that across the four conditions, the numeral and
the noun were fixed, while the classifier-noun agreement was manipu-
lated. All the sentences were recorded from a Cantonese native male
speaker in a quiet room sampled at the rate of 44,100 Hz with 16 bits per
sample.

2.3. Procedure

Children were individually tested in a sound-attenuated chamber for
EEG recording. Seated comfortably, they listened to sentences through
earphones and performed a grammaticality judgment task. During a
trial, the spoken sentence was presented binaurally, and the children
were instructed to judge the well-formedness of the sentence only after
hearing the whole sentence. They were asked to click the left button of
the mouse if they considered the sentence to be grammatical, and to
click the right button if ungrammatical. There was no time limit for the
response and the next trial began only after participants clicked the
mouse button. There were 360 trials in total, which were divided into
four blocks with equal proportion of sentences from each condition. The

Table 2
Stimulus examples.

Conditions Example sentences

Correct classifier(baseline) go4gol/gin3dou2/loeng5/206/saanl

FH/ BB/ B/l

The elder brother /saw/ two/ CL/ mountains
baa4baal/gin3dou2/loeng5/do2/saanl
*BE/RB/M/ %/l

The father /saw /two/CLge2/ mountains
dai6dai6/gin3dou2/loeng5/saanl

Incorrect(semantic anomaly)

Omission(outright syntactic

anomaly) *Hom/RE/M/L
The younger brother/ saw/ two/ @
/mountains
Default(mild semantic anomaly) ze4zel/gin3dou2/loeng5/go3/saanl
*SH4H/ KB /m/ 8/l

The elder sister/ saw /two /CLgo3/ mountains

Notes. The ERP analysis is time-locked to the target noun (i.e., saanl “moun-
tain™) , where the congruence or incongruence of the classifier-noun agreement
is detectable (for details see Section 2.4 EEG recording and data analysis). CL =
classifier.

Brain and Language 266 (2025) 105571

trials in each block were presented in a randomized order. Children were
given sufficient time to rest between blocks.

2.4. EEG recording and data analysis

EEG signals throughout the experiment were collected, using small-
sized (50-53 cm) 64-channel EEG caps with sintered Ag/AgCl electrodes
in the standard 10-20 system for EEG electrode placement (Neuroscan,
Quick-Cap). The sampling rate was 1,000 Hz. The online reference
electrode was located between Cz and CPz. External electrodes placed
above and below left eye were used to measure the vertical electrooc-
ulogram (VEOG) and electrodes were placed on the left and right eye’s
outer canthi to measure the horizontal electrooculogram (HEOG). The
impedance of the electrodes was maintained below 5kQ during the
experiment.

Signal processing and analysis were performed with EEGLAB
(Delorme & Makeig, 2004) and ERPLAB toolbox (Lopez-Calderon &
Luck, 2014) in MATLAB. The data were first down sampled to 500 Hz
and re-referenced offline to the mean of the left and right mastoid
electrodes. Noisy intervals in the data that contained irregular or large
muscular artifacts and extreme movements were removed manually by
the first author via visual inspection. The remaining data were then
filtered with an Infinite impulse response (IIR) Butterworth (Db/oct =
12, Db/dec = 40, Order 2) bandpass filter between 0.1 Hz and 30 Hz.
Independent component analysis (ICA) was conducted through AMICA
(Palmer et al., 2012) on the continuous data to remove components of
eye blinks and eye movements.® The ICA-corrected data were epoched
from —200 ms before the onset of the noun to 1500 ms after its onset.
The epoch was time-locked to the onset of the target noun (e.g.,
mountains), where semantic or syntactic anomaly of classifier-noun
agreement can be detected. The data was then baseline corrected
using the —200 to 0 ms time window before the target noun. Artifact
detection was conducted by a moving window peak-to-peak analysis
(Luck, 2014), and trials with detected artifacts were excluded from the
following analysis (overall acceptance rate is 93.7 %; 93.3 % and 94.1 %
for the TD and DLD group, respectively).® The moving window peak-to-
peak analysis period was set within 200 ms ~ 1200 ms, with a moving
window full width of 200 ms, and a window step of 100 ms, and the
voltage threshold of 150 pV, performed on each of the selected centro-
posterior and parieto-occipital electrodes (CP1, CPz, CP2, P1, Pz, P2,
PO3, POz, and PO4). As the current study focused on the N400 and
P600, the selection of the above electrodes for the later analyses was
based on previous studies (Chan, 2019; Kim et al., 2018; Pijnacker et al.,
2017; Purdy et al., 2014; Qian & Garnsey, 2016). The time window for
N400 and P600 was selected as 250 ~ 500 ms and 750 ~ 1000 ms
respectively, which were based on the typical windows suggested in
previous ERP studies on Chinese classifiers and previous ERP studies on
children with DLD using morphosyntactic tasks of spoken sentences
(Fonteneau & van der Lely, 2008; Haebig et al., 2017; Purdy et al., 2014;
Weber-Fox et al., 2010). To compare the N400 and P600 effects between
the three anomaly conditions (incorrect, omission, and default), differ-
ence waves of each selected electrode were also generated by subtract-
ing the correct condition from the incorrect, omission and default

5 For better ICA decomposition, the ICA was applied on the same dataset but
with a high-pass filter at 1.5 Hz, following the recommended practice (Winkler
et al., 2015). The ICA weights were then imported back to the filtered dataset
for the steps mentioned in the main text. The ICA computation was conducted
with the resources provided by the NSG Portal (Sivagnanam et al., 2013, https:
//www.nsgportal.org).

6 The average numbers of the remaining trials in each condition for the two
groups were presented as follows. TD group: Correct (M = 56.2, SD = 5.4),
Incorrect (M = 56.7, SD = 4.7), Omission (M = 56.8, SD = 4.5), Default (M =
54.5, SD = 5.1); DLD group: Correct (M = 57.0, SD = 3.1), Incorrect (M = 56.8,
SD = 3.8), Omission (M = 57.3, SD = 3.2), Default (M = 55.1, SD = 3.3).
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conditions respectively (i.e., incorrect-correct, omission-correct, and
default-correct). The mean amplitudes of N400 and P600 were extracted
from each selected time window of the waveforms or difference waves.
We also used these mean amplitude measures to examine the N400-P600
tradeoff and compute the RDI (see details later).

In order to visualize the N400-P600 tradeoff, we plotted the
magnitude of the N400 effect relative to the correct baseline (i.e.,
incorrect-correct, omission-correct, and default-correct) on the x-axis,
against the magnitude of P600 effect. For the N400, which typically
exhibits a more negative amplitude with a stronger semantic anomaly,
we inverted the amplitude values to represent the effect magnitude in
the positive direction. This allows for a more direct and intuitive com-
parison where an increase along the x-axis corresponds to a stronger
N400 effect. The P600, where a more positive amplitude reflects
stronger syntactic integration or reanalysis efforts (Delogu et al., 2019;
Kaan et al., 2000; Kim et al., 2018; Tanner, 2019), is represented in its
original positive direction along the y-axis. This presentation strategy
ensures that data visualization is congruent with the cognitive processes
being represented, with increases in both dimensions reflecting
increased processing efforts. The resulting scatterplots show different
degrees of N400-P600 tradeoff across conditions and groups. Steeper
slopes indicate stronger tradeoffs whereby the P600 effect is heavily
decreased with increasing N400 effect, and shallower slopes indicate
weaker tradeoffs where the P600 effect is less dependent on the N400
effect.

2.5. Statistical analysis

The behavioral accuracy of the grammaticality judgment task was
operationalized as the proportion of correct responses to the total
number of trials for each participant within each condition. This yielded
a continuous dependent variable ranging from 0 to 1, where 0 indicated
no correct responses and 1 indicated perfect accuracy. The accuracy data
were analyzed using the mixed-effect model, which included group
(DLD vs TD), condition (Correct, Incorrect, Omission, and Default) and
their interaction as the fixed effects, age as the controlled covariate, and
the by-participant random intercept. Reaction times were analyzed
while trials with RTs shorter than 200 ms and longer than 10000 ms
were excluded from the RT analysis.

For the ERP data, the N400 and P600 mean amplitude measures were
also analyzed in the same way as the behavioral data using the linear
mixed-effects model (see details later). To further examine the N400-
P600 tradeoff, we built a mixed-effects model and used the P600
mean amplitude of the difference waves for each selected electrode (i.e.,
the P600 effect magnitude) from the three anomaly conditions as the
dependent variable. For the fixed effects, we added the corresponding
inverted N400 mean amplitude of difference waves for each selected
electrode (i.e., the N400 effect magnitude), together with group and
condition and their two-way and three-way interactions with the N400
effect magnitude. By-participant and by-electrode random intercepts
were included. Slope estimations and pairwise comparisons were then
conducted to probe the N400-P600 dependence (i.e., the tradeoff) dif-
ferences across conditions and between groups (see details later).

To assess the relative dominance between N400 and P600, we
computed the RDI of each selected electrode using the N400 and P600
mean magnitude of difference waves (the N400 and P600 effects) for the
three anomaly conditions respectively. The RDI was calculated using the
following formula from (Grey et al., 2017):

(P600effect magnitude — N400effect magnitude ) / \/2

Depending on whether the calculation uses (P600effect magnitude —
N400effect magnitude) or (N400effect magnitude — P600effect magnitude); the
resulting RDI would reflect either relative response dominance of P600
or N400, respectively. The formula above operationalized the relative
dominance of P600 as the perpendicular distance from the individual
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data point to the equal effect sizes line (i.e., the Y axis represented
P600¢ffect magnitude, the X axis represents N400effect magnitude, and the line
is y = x). The more positive the RDI is, the more P600-dominant the
response is. If not specified, the RDI mentioned in the current study
refers to the RDI of P600. Similar to the ERP analysis, we also con-
structed a linear mixed-effects model, with RDI from each selected
electrode as the dependent variable. Group, condition, and their inter-
action were included as the fixed effects while age was controlled as a
covariate, together with by-electrode and by-participant random in-
tercepts. To test our prediction that the children’ grammar performance
positively predicts their processing dominance (i.e., N400-dominance vs
P600-dominance), a linear mixed effect model was constructed with RDI
as the dependent variable, the children’s age-normed scores’ from
HKCOLAS’s subtest of grammar as the fixed effect, and the age-normed
score of Expressive Nominal Vocabulary was controlled. The random
intercepts were participants and electrodes.

All the mentioned analysis was conducted with R version 4.3.2 (R
Core Team, 2023). The mixed-effects models were conducted with the
Package Ime4 (Bates et al., 2015). To obtain the significance of the main
effects and the interaction effects from the mixed-effect models when it
involved four-level or three-level categorical factor (i.e., condition), we
used the anova function in R, and p-values were estimated based on the
Satterthwaite’s approximation method using the Package ImerTest
(Kuznetsova et al., 2017). Post-hoc analysis and tradeoff slope estima-
tions were conducted with the Package emmeans (Lenth, 2023). To
correct the p-values for post-hoc multiple comparisons, Tukey’s HSD
adjustment was applied. Table of results for all the mixed effects model
and correspond post-hoc analyses can be found in the Supplementary
Materials in order.

3. Results
3.1. Behavioral results

3.1.1. Accuracy

The accuracy of the two groups of children in each condition in the
grammaticality judgment task is displayed in Fig. 1a. The accuracy data
were analyzed using a linear mixed-effects model with the group (DLD,
TD) as a between-subjects factor and condition (Correct, Incorrect,
Omission, General) as a within-subjects factor, and age was controlled.
The analysis revealed a significant main effect of group (F(1, 37) =
21.02, p < 0.001), where the TD group had significantly higher accuracy
compared to the DLD group, confirming that the DLD group had
consistent difficulties with classifiers. A significant main effect of con-
dition was also observed (F(3, 114) = 18.84, p < 0.001), suggesting that
different conditions were associated with varying levels of accuracy.
Post-hoc comparisons revealed that the correct condition elicited
significantly lower accuracy than all the other three conditions (all ps <
0.001), which had similar accuracies and were not significantly different
from each other (all ps > 0.05). The group by condition interaction was
not significant (F(3, 114) = 1.53, p = 0.21).

3.1.2. Reaction time

The reaction times (RTs) for the grammaticality judgment task (see
Fig. 1b) were analyzed using a linear mixed-effects model with the group
as a between-subjects factor and condition (Correct, Incorrect, Omis-
sion, Default) as a within-subjects factor, and age was controlled. RTs
were measured from the offset of each sentence to provide a fair com-
parison across conditions with varying sentence lengths. The analysis

7 Age-normed scores adjust for a child’s age-related language development,
providing a benchmark to compare language abilities across children of
different ages. In our study, we used these scores from the HKCOLAS, a norm-
referenced diagnostic tool for DLD, to ensure that our analysis accurately re-
flects language performance while accounting for age differences.
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Fig. 1. Behavioral Results. (a) accuracy and (b) RT by groups across conditions. Median, interquartile ranges, and outliers are shown.

indicated neither significant main effect of group (F(1, 37) = 0.90,p =
0.35) nor significant group by condition interaction (F(3, 114) = 0.44, p
= 0.73). There was a significant main effect of condition (F(3, 114) =
2.74, p < 0.05). However, post-hoc comparisons only revealed that the
omission condition showed marginally significantly longer RTs
compared to the default condition (t(114) = -2.53, p = 0.06), and the
incorrect condition (t (114) = -2.43, p = 0.08), and there were no other
RT differences between the conditions approaching significance after p-
value correction.

3.2. ERP results

The following section will detail the outcomes of the ERP analyses,
specifically focusing on the amplitudes of the N400 and P600 compo-
nents, their interplay in terms of the N400-P600 tradeoff as well as the

grammatical performance. The ERP waveforms of the four conditions in
the two groups of participants based on the average of the selected
electrodes can be found in Supplementary Materials Fig. S1.

3.2.1. N400 amplitude

To the best of our knowledge, this is the first ERP study on the neural
correlates of classifier-noun agreement processing conducted on Chinese
children. Thus, we first analyzed the N400 mean amplitude in the TD
group to confirm whether those classifier anomaly conditions induced
the predicted N400 effects (see Fig. 2a). To this end, a linear mixed-
effects model with the N400 mean amplitude as the dependent vari-
able, condition as the fixed effect, age as the controlled variable, and
with by-electrode and by-participant random intercepts. The analysis
revealed a significant main effect of condition (F(3, 689) = 62.88, p <
0.001). Age did not significantly affect the N400 mean amplitude (F(1,

P600 dominance (i.e., RDI) and its relation to the children’s 18) = 0.36, p = 0.56), suggesting that the elicited N400 effects were
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Fig. 2. N400 results. (a) the N400 amplitude for TD children across conditions. Median, interquartile ranges, and outliers are shown. (b) the N400 effect by groups
across condition contrasts. The error bars represent one standard error of the mean (SEM).
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robust across the age range tested.

Post-hoc multiple comparisons indicated that the incorrect, omis-
sion, and default conditions all induced robust N400 amplitude changes
(i.e., more negative N400) relative to the correct condition as the
baseline: default vs. correct, t(689) = 8.66, p < 0.001; incorrect vs.
correct, t(689) = 12.18, p < 0.001; omission vs. correct, t(689) = 11.53,
p < 0.001. Moreover, the default condition elicited smaller (less nega-
tive) N400 effect than the incorrect (¢(689) = 3.52, p < 0.01) and
omission condition (t(689) = 2.88, p < 0.05), while the latter two were
not significantly different from each other. These findings confirmed our
predictions that, at least in the TD group, the incorrect condition with
semantic anomaly triggered largest N40O effects, whereas the default
condition with mild semantic anomaly triggered a smaller but signifi-
cant N400 effect. It is intriguing to note that the omission condition
elicited comparable N400 amplitude to the incorrect condition.

Secondly, we compared the TD and DLD groups on the magnitude of
N400 effects of the three classifier anomaly conditions using the dif-
ference waves (incorrect-correct, omission-correct, default-correct).
Fig. 2b displays the N400 effect amplitudes of the difference waves for
the two groups. The linear mixed-effects model included group, condi-
tion, and their interaction as fixed effects, age as the controlled variable,
and the by-electrode and by-participant random intercepts. Although
there was a numeric trend that the children with DLD exhibited stronger
N400 effects in general (Migference = -1.09), the main effect of group did
not reach significance (F(1,37) = 1.08, p = 0.31). A significant main
effect of condition was found, F(2, 1028) = 3.61, p < 0.05, indicating
reliable differences in the N400 effects across the three conditions. The
group by condition interaction was also significant, F(2, 1028) = 4.69, p
< 0.01, suggesting that the N400 effects varied across conditions and
between the TD and DLD groups.

Post-hoc between-group comparisons for each of the three anomaly
conditions did not reveal any significant differences between the two
groups: default, t(41.1) =-1.66, p = 0.10; incorrect, t(41.1) =-0.90,p =
0.37; and omission, t(41.1) = -0.48, p = 0.63. That is, under each con-
dition, the N400 effect was comparable between the two groups. Post-
hoc within-group comparisons revealed that in the TD group, the
magnitude of the N400 effect was significantly smaller in the default
condition compared to that in the incorrect (t(1028) = 3.2, p < 0.01) and
omission condition (t(1028) = 2.6, p <.05). This pattern of smaller
N400 effect in the mild semantic anomaly condition (i.e., default
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condition) has already been reported above. In contrast, in the DLD
group, no pairwise comparisons involving the default condition reached
significance while the contrast between incorrect and omission was
marginally significant (£(1028) = -2.10, p = 0.09). That is, for the
children with DLD, all anomaly conditions elicited relatively compara-
ble N400 effects and there were no clear distinctions between the default
condition and other anomaly conditions.

3.2.2. P600 amplitude

Similar to the analysis of the N400 amplitude above, we first
compared the P600 mean amplitude across the four conditions in the TD
group (see Fig. 3a). We built a linear mixed-effects model incorporating
condition as the fixed effect and age as the controlled variable, together
with by-electrode and by-participant random intercepts. It revealed a
significant main effect of condition (F(3, 689) = 3.02, p < 0.05). Post-
hoc analyses identified a significantly heightened P600 response in the
omission condition compared to the baseline correct condition (t(689)
=-2.93,p < 0.05). No other pairwise comparisons were significant. This
pattern was compatible with our prediction and confirmed the validity
of the omission condition as a salient syntactic anomaly, as intended.
These results demonstrated that the P600 amplitude was particularly
sensitive to classifier omission, possibly due to the syntactic integration
difficulty or syntactic repair processes in this condition.

Then we compared the two groups in the magnitude of the P600
effects of the three classifier anomaly conditions using the difference
waves (incorrect-correct, omission-correct, default-correct). Fig. 3b
displays the P600 effect magnitudes of the difference waves for the two
groups. We constructed a linear mixed-effects model incorporating
group, condition, and their interaction as the fixed effects, along with
age as the control covariate and the by-electrode and by-participant
random intercepts. The TD group exhibited a numerically larger P600
effect compared to children with DLD (Mgjfference = -2.34, t(37) = -1.25,
p = 0.22), but the main effect of the group did not reach statistical
significance. Importantly, a significant interaction between condition
and group was observed (F(2, 1028) = 13.04, p < 0.001).

Post-hoc between-group comparisons for each anomaly condition
highlighted a significant group difference in the omission condition (f =
-3.91, SE = 1.9, t(39.2) = -2.06, p < 0.05), where the TD group had a
significantly larger P600 effect than the DLD group. No group difference
was found in the other two anomaly conditions (ps > 0.05). Post-hoc
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Fig. 3. P600 results. (a) the P600 amplitude for TD children across conditions. Median, interquartile ranges, and outliers are shown. (b) the P600 effect by groups

across condition contrasts. The error bars represent one SEM.
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within-group pairwise comparisons revealed no significant differences
between the three anomaly conditions in the TD group (ps > 0.05),
albeit the P600 effect magnitude was numerically larger and signifi-
cantly above zero in the omission condition as mentioned above. On the
other hand, the omission condition elicited significantly smaller P600
effects compared to the other two conditions (ps < 0.01) in the DLD
group.

These results showed that, unlike TD children, those with DLD
exhibited an attenuated P600 effect, particularly for syntactic omissions.
This indicated a potential disruption in the neural mechanisms under-
lying syntactic processing among children with DLD and possibly re-
flected a deficit of their syntactic integration or repair processes.

3.2.3. The N400-P600 tradeoff

The linear mixed-effects model for the tradeoff analysis revealed that
the three-way interaction between the N400 magnitude, group, and
conditions was significant (F(2, 1026.99) = 10.14, p < 0.001). This
interaction was particularly informative as it indicated that the depen-
dence between semantic processing (as measured by N400 effect
magnitude) and syntactic processing (as indicated by P600 effect
magnitude) did not operate uniformly across conditions or groups.

To unravel the complexities of this three-way interaction, we esti-
mated the regression slopes, which quantified the degree of changes in
P600 effects in accordance with the N400 effect changes under each
condition across individuals within each group. The “emtrends” func-
tion from the “emmeans” package (Lenth, 2023) in R was used for this
purpose. A more negative slope (e.g., —1 vs —2) suggests a steeper
tradeoff, indicating a stronger dependence between the N400 and P600
effects (e.g., a more substantial decrease in the P600 effect associated
with an increase in the N400 effect).

All the confidence intervals of the estimated slopes did not include
zero (see Supplementary Materials Table S16), indicating that under all
the conditions within each group, the N400-P600 tradeoff was signifi-
cant. For the DLD group, the most pronounced tradeoff was observed in

Brain and Language 266 (2025) 105571

the incorrect-correct condition (M = —1.00, SE = 0.06), while the TD
group exhibited a similar pattern but with a less steep slope (M = —0.86,
SE = 0.07). The omission-correct condition had the least steep slope in
the TD group (M = —0.31, SE = 0.07), suggesting a weaker tradeoff in
the omission condition, i.e., less dependence between the N400 and
P600 effect.

Subsequent analyses were conducted to compare the slopes between
the DLD and TD groups for each condition respectively (see Supple-
mentary Materials Table S17). The results revealed a significant group
difference in the omission-correct condition (Slope Difference = -0.56, t
(1043) =-6.17, p < 0.0001), indicating a more pronounced N400-P600
tradeoff in the DLD group when compared to the TD group. This suggests
that, particularly for the omission-correct condition, as the magnitude of
the N400 increased, the amplitude of the P600 decreased more steeply
in children with DLD than in TD children (Fig. 4a). No significant group
differences in slopes were found for the other conditions.

Within-group contrasts were performed to examine differences in the
tradeoff slopes between conditions for each group (see Supplementary
Materials Table S18). In the DLD group, significant differences were
found between the default-correct and incorrect-correct conditions (p <
0.001) as well as between the default-correct and omission-correct
conditions (p = 0.02). Marginally significant difference was found be-
tween the incorrect-correct and omission-correct conditions (p = 0.09).
In other words, for children with DLD, numerically steeper tradeoff
slope was observed in the incorrect (—1.00) condition compared to the
omission (—0.87) condition; both conditions had significantly steeper
slopes than the default condition (—0.69). In contrast, for the TD group,
significant contrasts emerged between all condition pairs (ps < 0.05),
reflecting a clearer distinction in processing between these conditions.
Specifically speaking, the incorrect condition elicited the steepest slope
(—0.86), followed by the default condition (—0.62), and finally the
omission condition (—0.31).

Collectively, these results indicate that children with DLD showed a
different pattern for the N400-P600 tradeoff across conditions compared
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to the TD children, particularly for the omission condition.

3.2.4. RDI and its relationship with grammatical performance

As mentioned earlier, the RDI measures the relative response domi-
nance between the P600 and N400 within an individual. As shown in
Fig. 4a, individual datapoints located above or below the equal effect
size line indicate P600- and N400-dominant responses respectively;
relative distance from the equal effect size line captures the degree of
such dominance. A larger (more positive) RDI indicates greater P600-
dominance.

The visualization of the RDI data was also shown in Fig. 4b. The RDI
analysis revealed a significant interaction between group and condition
(F(2,1028) = 3.78, p < 0.05), while no other effects reached signifi-
cance. Post-hoc between-group comparisons revealed no significant
differences between groups under any condition. Albeit non-significant,
a numerical trend of larger RDI (i.e., greater P600 dominance) was
observed in the TD group compared to the DLD group, especially in the
omission condition (p = 0.11). Post-hoc within-group comparisons
revealed marginally significant differences between the omission and
incorrect condition in the DLD group (Mincorret-omission = 0-99, t(1028) =
2.27, Peorrected = 0.06 while pyncorrected = 0.02), whereas no other con-
trasts approached statistical significance. Altogether, these results
implied particularly degraded P600 dominance in the omission condi-
tion in the DLD group, opposite to the expectation of heightened P600
dominance given the outright syntactic violation in this condition.

To better understand individual differences in the P600 dominance
pattern and their relationship with language performance profiles, a
subsequent analysis further explored the relations between the RDI and
children’s grammatical scores from the standardized HKCOLAS test.
Note that some children with DLD had normal grammatical scores (i.e.,
above — 1.25 SD), so we collapsed the two groups; the aim was to
explore whether better grammatical abilities were associated with
stronger P600 dominance, irrespective of the group label (DLD or TD).
Since the omission condition carried major syntactic anomaly and was
expected to elicit the clearest P600 dominance, the RDI under this
condition was selected to explore its relationship with grammatical
performance, with vocabulary abilities controlled for. A linear-mixed
effect model was constructed with RDI under the omission condition
as the dependent variable, where the fixed effect was the age-normed
grammatical scores from the HKCOLAS and the age-normed vocabu-
lary scores from the HKCOLAS was entered as a controlled covariate,
with the by-participant and by-electrode random intercepts included.
The result revealed that the grammatical score was a significant positive
predictor (t(37) = 2.419, p < 0.05) for the RDI under the omission
condition (see Fig. 4c). Children with better grammatical performance
in the HKCOLAS tended to have stronger P600 dominance (i.e., larger
RDI) in response to classifier omission. Note that the response domi-
nance of N400 was the opposite of the response dominance of P600
according to the RDI formula. Therefore, the current results indicated
two related findings: better grammatical performance was associated
with stronger P600 dominance and concurrently with weaker N400
dominance.

4. Discussion

In the current study, we utilized the classifier-noun agreement in
Chinese and employed ERPs to examine real-time semantic processing,
syntactic processing, and their dynamic interplay (tradeoff and response
dominance) during a grammaticality judgment task among Cantonese
TD and DLD children. The behavioral results showed that the DLD group
had an overall lower accuracy compared to the TD group in judging the
grammaticality of the classifier-noun agreement. This finding is
consistent with earlier studies showing that Chinese children with DLD
have difficulties in the production of the numeral-classifier-noun
structure (Cheung, 2008; Stokes & So, 1997). Apart from this general
accuracy difference, no other significant between-group differences
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were found in accuracy or RT. A notable observation is the lower ac-
curacy in the correct condition for both groups. This finding may suggest
that the children in this study have not fully acquired nuanced semantic
knowledge about the classifier-noun agreement and appeared cautious
when judging the classifier-noun agreement. As children are still
mastering these linguistic subtleties, they may tend to be overly
cautious, leading to more false negatives in the correct condition, but
effectively rejecting inappropriate classifier-noun associations in the
other anomaly conditions. This pattern echoes previous findings (e.g.,
Stokes & So, 1997), which also pointed out a cautious strategy in terms
of avoiding incorrect use of specific classifiers.

Importantly, based on the PDH, we hypothesized that children with
DLD would exhibit syntactic deficits, whereas their semantic processing
might be largely intact and might even compensate for their syntactic
processing deficits during real-time language processing. Overall, the
ERP results confirmed our predictions, as discussed in the following sub-
sections.

4.1. Semantic processing: N400 effects

In TD children, we found significant N400 effects elicited by all the
anomaly conditions compared to the correct baseline condition, which
confirmed that TD children were adept at detecting semantic in-
congruities in classifier-noun agreement. Particularly, the N400 effect
triggered by the default condition was significantly milder than the
incorrect and omission condition. This observation was in line with prior
research and our predictions that the default classifier go3, due to its
lower semantic specificity, induced a milder semantic violation than the
incorrect classifiers or classifier omissions (Frankowsky et al., 2022;
Qian & Garnsey, 2016). Another intriguing finding is that the omission
condition elicited comparable N400 amplitude to the incorrect condi-
tion. The N400 effects elicited in the incorrect condition confirmed our
prediction, but the N400 effects elicited in the omission condition were
not expected, as we mainly predicted a P600 effect. This may suggest
that the omission condition also induced effortful semantic integration
among the participants. While the absence of a classifier clearly violates
the syntactic rule, it also creates semantic incongruency, which may
increase the semantic integration difficulty, especially in children who
are still acquiring the full complexity of semantic knowledge in
classifier-noun agreement.

Overall, the findings in the TD group revealed their nuanced neural
responses to different severities of semantic anomaly and captured the
gradations in semantic processing that might be overlooked in less so-
phisticated designs (e.g., only correct vs incorrect). This highlighted the
advantage of the current design in discriminating between different
levels of semantic anomaly in classifier-noun agreement in both children
with typical development and language disorders.

Previous ERP studies on DLD have often reported intact semantic
processing abilities, as evidenced by N400 effects comparable to those
observed in TD children. These findings have been interpreted as indi-
cating that DLD children possess a relatively preserved capacity for
detecting semantic incongruities (Courteau et al., 2023; Fonteneau &
van der Lely, 2008; Haebig et al., 2017; Weber-Fox et al., 2010). Our
results largely align with these observations. Our DLD children showed
N400 effects across conditions that were not significantly different from
those in the TD group. However, a notable exception was observed in the
default condition, where the DLD group exhibited a numerically stron-
ger N400 effect, although it did not reach statistical significance after
correction (p = 0.10).

Despite these similarities, a critical difference was that the DLD
group demonstrated similar magnitudes of N400 effects across the three
anomaly conditions, whereas the TD group clearly showed a milder
N400 effect for the default condition compared to the others. The lack of
such modulation across the conditions in the DLD group, aligning with
previous findings by Sabisch et al. (2006), Neville et al. (1993), Popescu
et al. (2009), and Helenius et al. (2009), indicates potentially less
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differentiated semantic processing when compared to their TD coun-
terparts. Specifically, the N400 response in the DLD group tended to be
maximally engaged even for a milder semantic anomaly, thus obscuring
finer distinctions between different severities of semantic anomalies (i.
e., default vs incorrect and default vs omission). This suggests a poten-
tially over-active semantic processing mechanism in the children with
DLD.

Thus, the current study demonstrated two kinds of findings observed
in previous N400 research on DLD: preserved N400 effects comparable
to TD children in response to semantic anomalies and a lack of fine-
tuned modulation across conditions. Our design allowed these seem-
ingly inconsistent findings to emerge within a single framework,
potentially providing a more integrated perspective on the N400 dy-
namics in children with DLD.

Evidences from previous behavioral studies can also corroborate this
interpretation of semantic overactivation in DLD. Pizzioli and Schel-
straete (2011) observed that children with DLD exhibited larger se-
mantic priming effects and comparable accuracy than the language-
matched TD children in an auditory pair-primed paradigm, reflecting
a heightened engagement with semantic cues, analogous to the over-
active N400 responses we observed. Additionally, Benham and Goff-
man (2020) found that introducing lexical-semantic information helped
stabilize phonological patterns of the children with DLD in learning and
producing new words, underscoring the significant influence of se-
mantic processing on broader linguistic abilities in these children.

In sum, these findings suggest that children with DLD likely engage
in semantic processing in a potentially excessive manner. While these
children with DLD could process semantic information as robustly as
their TD counterparts, there was a critical difference in quality: their
processing style lacked the gradation and specificity observed in TD
children.

4.2. Syntactic processing: P600 effects

In the TD group, the significant P600 modulation in response to
classifier omissions compared to the baseline correct condition
confirmed the sensitivity of this component to the presence of an
outright syntactic violation. This finding aligns with existing literature
that associates the P600 component with complex syntactic reanalysis
and repair processes (e.g., Hahne & Friederici, 1999; Osterhout & Hol-
comb, 1992).

It is also worth noting that the incorrect and default conditions eli-
cited numerically larger P600 amplitude than the correct baseline
among the TD group, although they did not reach significance. This is in
line with previous studies on the N400-P600 interplay (Grey et al., 2017
Kim et al., 2018; Tanner et al., 2013), where similar conditions can elicit
mixed N400 and P600 responses, and whether the individual response
was relatively N400-dominant or P600 dominant depended on which
cue (i.e., semantic vs syntactic) won out. More specifically, the current
result could reflect a P600 modulation based on the severities of syn-
tactic violation. Note that the incorrect or default conditions still pro-
vided some syntactic structure, albeit atypical, for the children to
process. In contrast, omissions left a syntactic gap that required most
substantial reanalysis and repair, thus inducing a significant P600. An
alternative explanation for the lack of significant P600 effects in these
two conditions is component overlap (Luck, 2014). The ERP waveform
at any time point is a summation of all the latent components at the time
(Luck, 2014), and previous studies indicated temporal overlap between
the N400 and P600 (Brouwer & Crocker, 2017). In other words, the
significant N400 effects under the incorrect and default conditions
might attenuate the later P600, depending on their relative sizes.
However, in the current design, this possibility may be largely ruled out.
First, temporally non-adjacent time windows were chosen for the N400
(250 ~ 500 ms) and P600 (750 ~ 1000 ms) analysis deliberately (Kim
etal., 2018). Second, the omission condition triggered comparable N400
responses in size to the incorrect condition but still showed a significant
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P600 effect.

Compared to the TD group, children with DLD exhibited a particular
vulnerability in the omission condition, as evidenced by the significantly
smaller P600 effect than the TD group in this condition. This attenuated
P600 effect suggests a disruption in the syntactic integration process,
which is critical for constructing coherent sentence structures. The sig-
nificant difference between groups for the omission-correct condition
points to a salient syntactic challenge in managing syntactic gaps in
DLD. This finding is remarkable, given that we did not specifically
confine children in the DLD group to only those with a grammatical
deficit. Indeed, children failing any two subtests of HKCOLAS were
included in the DLD group, following the standard practice. Thus, it is
intriguing to observe a syntactic deficit in children with diverse profiles
of language difficulties.

Similar syntactic challenges in DLD were also observed with the
omission of the third person singular —s tense marker in previous studies
(Haebig et al., 2017; Weber-Fox et al., 2010), providing support for the
hypothesized syntactic deficits in DLD across different language back-
grounds. In addition, it is worth mentioning that previous studies have
also explored syntactic processing through commission errors (i.e., er-
rors involving incorrect additions, e.g., “I says that”) in grammaticality
judgement tasks (Haebig et al., 2017; Purdy et al., 2014; Weber-Fox
et al.,, 2010). However, a commission error design was not directly
applicable in our current study due to the specific nature of classifier-
noun agreement in Chinese. Future studies might explore other de-
signs to probe aspects of commission errors in Chinese grammatical
processing other than classifier-noun agreement.

4.3. Dynamic interplay of semantic and syntactic processing: The N400-
P600 tradeoff and P600 response dominance

Regarding the interplay between semantic and syntactic processing,
our analysis revealed that in general, the magnitude of the N400 effect
was negatively correlated with the P600 effect across individuals, con-
firming the N400-P600 tradeoff (Kim et al., 2018). Further, the N400-
P600 tradeoff varied across conditions and between groups. The TD
group’s response patterns served as a baseline, showcasing distinct
tradeoff slopes between the incorrect and omission conditions. The
steepest tradeoff was observed in the incorrect condition, suggesting a
stronger N400-P600 dependence, and a flatter slope in the omission
condition, suggesting a weakened N400-P600 dependence. In the
incorrect condition, where there was an overt semantic incongruency
between the classifier and noun, the N400 effect magnitude strongly and
negatively modulated that of the following P600: individuals who
exhibited a large N400 effect in response to the semantic incongruency
showed a small P600 (and vice versa). Intriguingly, this dependence was
weakened in the omission condition, suggesting that TD children were
capable of prioritizing syntactic processing over semantic processing,
ensuring a relatively robust P600 effect, which is less dependent on the
preceding N400 effect. These results suggested that the TD children can
moderate the tradeoff patterns according to different violations to pri-
oritize one processing over the other. This is consistent with the inten-
ded manipulation and results of previous studies (Chan, 2019; Qian &
Garnsey, 2016; Zhang et al., 2012).

Contrastingly, the DLD group lacked such moderated patterns — they
exhibited similar degrees of steepness of tradeoff slopes between
incorrect and omission conditions, reflecting a marked reliance on se-
mantic processing, possibly at the expense of syntactic processing,
particularly when confronted with outright syntactic violations. This
pattern suggests that the DLD group may not prioritize syntactic pro-
cessing as effectively as TD children in the omission condition.

The RDI results further corroborated this interpretation. The DLD
group demonstrated a marginally significantly lower RDI for the omis-
sion condition, indicative of a more N400-dominant response particu-
larly when faced with a syntactic gap. This reduced P600 dominance
pattern not only echoes the N400-P600 tradeoff findings above but also
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highlights the differential allocation of processing resources in the DLD
group, who may over-rely on semantic processing as a compensation for
syntactic deficits.

Further analysis between individual RDI scores and grammar scores
from the standardized language test confirmed that individual differ-
ences in the degree of P600 dominance in the omission condition were
linked with the individual grammatical abilities. Children with better
grammatical abilities tended to have a more P600-dominant and less
N400-dominant response, a pattern that holds true across groups, even
when their vocabulary abilities were controlled for. This finding implies
that the RDI might serve as a neural marker for children’s grammatical
abilities.

As noted by an anonymous reviewer, there is substantial overlap
between the two groups in terms of the P600 and N400 effect magni-
tudes, suggesting that the P600 is not exclusive to the TD group, nor is
N400 dominance exclusive to the DLD group (see Fig. 4). Directly
linking these magnitudes to individual language abilities is intrinsically
challenging, as N400 and P600 effect magnitudes may be influenced by
other factors such as participant variability and task-related processing
context. The RDI offers an advantage by considering the relative
dominance of the P600 and N400 within an individual, thereby partially
controlling for these influences. This advantage may further strengthen
the plausibility of the RDI serving as a neural marker for children’s
grammatical abilities.

From the developmental standpoint, the capacity to proficiently
navigate the interplay between semantic and syntactic processing and to
engage in more intensive syntactic integration when warranted, likely
emerges as a hallmark of linguistic maturation in TD children. On the
contrary, the absence of similar modulations of the N400-P600 tradeoff
across conditions in children with DLD underscores their difficulties in
prioritizing syntactic processing over semantic processing and might
suggest potential developmental divergences in the neurocognitive
foundations of syntactic processing. Rather than an absence of syntactic
processing as null P600 responses, this difficulty of prioritizing syntactic
processing, when necessary, may be a key neural signature that sub-
serves DLD children’s lower accuracy in judging classifier-noun agree-
ment and grammatical performance in general.

4.4. General discussion and theoretical implications

Our findings align with previous research indicating that semantic
processing is relatively intact in children with DLD, while syntactic
processing shows deficits (Fonteneau & van der Lely, 2008; Haebig
et al., 2017; Weber-Fox et al., 2010). Importantly, this study extends
prior work by examining the N400-P600 tradeoff and response domi-
nance within the specific context of classifier-noun agreement. The dy-
namic N400-P600 tradeoff, especially under the omission condition,
suggests that children with DLD rely heavily on semantic processing,
potentially as a compensatory mechanism to support syntactic chal-
lenges deficits (Evans et al., 2022; Haebig et al., 2017; Pijnacker et al.,
2017).

We suggest this compensation is, at least, suboptimal from two as-
pects: task performance and processing mechanism (Cabeza et al.,
2018). First, such a compensatory mechanism does not appear to fully
mitigate the challenges posed by syntactic processing demands, as evi-
denced by the DLD children’s overall lower accuracy in grammaticality
judgment of classifier-noun agreement. Second, the children with DLD
demonstrated over-active semantic processing and N400 dominance for
outright syntactic violations. This indicates an ill match in processing
mechanism where semantic processing was employed to handle syn-
tactic violations. Previous studies have proposed a distinction between
adaptive and maladaptive compensation (Cabeza et al., 2018; Liu et al.,
2021; Zhao et al., 2023). For example, (Liu et al., 2021) reported evi-
dence for maladaptive compensation in developmental dyslexia.
Essentially, the authors found a negative correlation between the right
fusiform gyrus network connectivity and pseudoword reading accuracy
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in dyslexics children, namely, higher right fusiform gyrus network
connectivity being associated with lower reading accuracy. In line with
this idea, we found a negative relation between the N400 response
dominance under the omission condition and the general grammatical
performance. Thus, there is some evidence for maladaptive compensa-
tion of over-active semantic processing from the current study. Future
studies should further probe different compensatory mechanisms to
reach a better understanding of adaptive and maladaptive compensa-
tions in DLD.

The findings of the current study are consistent with the DP model
(Ullman, 2016) and the PDH in DLD (Ullman et al., 2020; Ullman &
Pierpont, 2005). According to the PDH, the grammatical and other
deficits in DLD can be largely explained by abnormalities of the circuit
underlying procedural memory, in particular of the basal ganglia,
whereas declarative memory remains relatively spared and might play a
compensatory role (Ullman et al., 2024; Ullman et al., 2020; Ullman &
Pullman, 2015). As argued by previous ERP studies, the N400 compo-
nents reflected declarative memory process, and the elicited N40O ef-
fects in response to morphosyntactic violations underscore an early
reliance on declarative memory (Courteau et al., 2023; Tanner et al.,
2013; Ullman, 2004, 2016). This reliance aligns with the DP model’s
predictions for novice language learners, such as children, who typically
depend on declarative memory for language tasks. As proficiency in-
creases, a developmental shift towards procedural memory for gram-
matical processing is expected—a shift that appears to be hindered in
children with DLD due to the procedural memory deficits posited by the
PDH. The current results showing degraded P600 effects and relative
N400 dominance in the DLD group, particularly in response to the
outright syntactic omission, echo the PDH’s predictions of procedural
memory deficits (Ullman et al., 2020) and a compensatory role of
declarative memory (Ullman & Pullman, 2015). This pattern of atten-
uated P600 responses is analogous to those found in individuals with
basal ganglia lesion (Friederici et al., 2003), a neural structure critical
for procedural memory (Ullman et al, 2020), and substantially
impacted in DLD (Ullman et al., 2024), substantiating the PDH’s claims.
Although our study did not directly assess the LAN component—often
linked to syntactic processing and procedural memory (Tanner et al.,
2013; Ullman, 2004)—the attenuated P600 effects observed offered
some support for procedural memory dysfunction in DLD. Future
research that employs more direct measures of procedural memory such
as LAN or fMRI methods, should provide a more nuanced understanding
of the interaction between memory systems and language processing in
DLD.

While the findings of the current study provide insights into the
neurocognitive profiles of DLD, it is essential to acknowledge the
absence of data from a group of younger and language-matched children
with TD in the current study. Future studies that include younger chil-
dren with TD can further verify whether the observed patterns are
unique to the DLD population or also characteristic of younger children
with TD at earlier developmental stages. Secondly, we did not fully
follow the persistence and functional impact criteria of CATALISE in the
diagnosis of DLD children. Future studies may consider assessing
whether the children had a prior diagnosis of language disorder or DLD
or received therapy prior to the experiment (i.e., persistence) and
whether they demonstrated any functional deficits in life (i.e., functional
impact) for better alignment with the CATALISE diagnostic criteria.
Thirdly, future studies should assess verbal working memory in children
with DLD. Individual differences in verbal working memory capacities
are found to underlie the N400-P600 tradeoff patterns (Kim et al., 2018),
and verbal working memory deficits are often observed in children with
DLD (Leonard, 2014). Apart from verbal working memory, including
measures of procedural memory (e.g., the serial reaction time task) may
offer a means to directly assess the relationship between a procedural
memory deficit and the N400-P600 interplay in children with DLD.
Fourthly, as pointed out by an anonymous reviewer, we did not exclude
trials with incorrect responses from data analysis, in order to retain more
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trials for better signal-to-noise ratio. Future studies with a larger number
of trials for each condition may exclude incorrect responses, to further
verify the findings of the current study. Fifthly, we deliberately pre-
sented the spoken sentences without any pause before the target noun to
ensure naturalness of the stimuli. For this reason, the baseline period of
the ERP waveforms might contain some activities spread over from the
preceding words. Future studies may consider inserting a brief pause
before the target noun or using deconvolution methods to mitigate the
carry-over influence of preceding words. Sixthly, we followed previous
EEGs studies on the N400-P600 tradeoff and chose standard N400
(250-500 ms) and P600 (750-1000 ms) windows for data analysis.
Future studies may consider adopting a data-driven window selection
approach (e.g., cluster-based analysis) to further verify the current
findings. Lastly, future studies may pre-register their hypotheses and
data analysis plan to avoid p-hacking and implement a blinding pro-
cedure during data analysis to reduce potential observer bias.

Finally, these findings also have implications for intervention stra-
tegies for children with DLD. Targeted intervention like the sequential
application of conversational recast treatment followed by auditory
bombardment can be effective (Plante et al., 2018). These methods
synergistically enhance the syntactic processing capabilities of children
with DLD by reinforcing the correct grammatical structures through
both immediate contextual feedback and repeated auditory exposure.
Such integrated interventions are crucial as they facilitate not only the
learning and internalization of syntactic rules but also their automatic
application across new linguistic contexts, significantly aiding in the
generalization of these skills. The N400-P600 interplay may be included
as a key intervention outcome, to assess whether the intervention en-
hances automatic prioritization of syntactic processing. A grammati-
cality judgement task with syntactic anomaly conditions can be included
before and after the intervention, to assess the N400-P600 interplay. It is
expected that the intervention, if efficient, would lead to positive
changes in the N400-P600 interplay (e.g., less dependency between the
N400 and P600 and increased RDI) together with improved behavioral
performance.

5. Conclusion

The current study confirmed the intertwined semantic and syntactic
processing that underlies Chinese classifier-noun agreement judgment
during real-time language comprehension. Chinese children with DLD
have syntactic deficits in processing Chinese classifier-noun agreement,
particularly with syntactic gaps (i.e., the omission condition), as indi-
cated by attenuated P600 effects. Although semantic processing was
relatively comparable between children with DLD and TD, children with
DLD lacked the gradation of N400 effects according to different sever-
ities of semantic violations, indicating potentially less differentiated and
over-active semantic processing in this group. The N400-P600 tradeoff
illustrated a deficit in the automatic prioritization of syntactic process-
ing in children with DLD, together with their lower P600-dominance
during the omission condition. This suggested an over-reliance of se-
mantic processing as a suboptimal and possibly maladaptive compen-
sation. These findings not only provide a deeper understanding of the
distinct neurocognitive profiles of children with DLD during on-line
language processing, but also have important implications for inter-
vention strategies to mitigate linguistic difficulties in this population.
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