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Clustering and switching patterns in
semantic verbal fluency among Chinese
older adults: associations with cognitive
function and dementia screening
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This study examined semantic verbal fluency performance in Mandarin-speaking older adults from a
digitally administered, community-based dementia screening project. Using Tongyici Cilin, a Chinese
semantic knowledge base, we quantified word count, switching frequency, and cluster size in an
animal fluency task. In Phase 1, a large community sample was used to assess associations between
verbal fluency indices and cognitive measures of memory and orientation across age and education
subgroups. Word count and switching frequency were consistently associated with cognitive
performance, particularly among older adults and participants with lower education, whereas cluster
size showed limited practical relevance. In Phase 2, a clinically characterized subsamplewas analyzed
to compare participantswith no cognitive impairment,mild cognitive impairment (MCI), and dementia.
Both the MCI and dementia groups showed reduced word count and switching frequency relative to
the no cognitive impairment group, while cluster size did not differ significantly across groups. These
findings support digitally collected word count and switching frequency as useful indicators for
community-based dementia screening among Chinese older adults.

Dementia represents a rapidly growing global public health challenge, with
prevalence rates steadily rising among individuals over the age of 651. Subtle
linguistic deficits, particularly in lexical access and semantic organization,
often manifest years before a formal clinical diagnosis of mild cognitive
impairment (MCI) or Alzheimer’s disease (AD)2. Consequently, language-
based assessments have emerged as critical tools for early detection. Among
these, the verbal fluency test, which requires individuals to generate words
within a specific category (e.g., animals) under time constraints, is widely
regarded as a sensitive probe of the lexical-semantic domain2,3.

Despite its expediency and simplicity, the verbal fluency test involves
complex cognitive processes. Individuals must access and retrieve words
stored in their mental lexicon. To maximize output, participants need to
switch between subcategories (e.g., moving from “pet animals” to “wild
animals” in a semantic task)while inhibiting previouslymentionedwords to
avoid repetition. The task also requires monitoring output and tracking
time, thereby involving executive functions, inhibition, attention, and

working memory4,5. This task has been successfully used to examine dif-
ferent pathologies, including AD, Parkinson’s disease6–9, stroke10 and trau-
matic brain injury11.

Themost basic evaluation of verbalfluencyperformance is the count of
correctly generated words (or word count). Different error types, such as
repetitions or intrusions (e.g., words from another semantic category), can
also be analyzed, particularly in populations with language or cognitive
impairments. Two additional features of task performance, i.e., clustering
and switching, are employed to reveal more in-depth cognitive processes
underlying the task12–14. Clustering refers to the production of words within
subcategories (e.g., pet animals in the animal fluency task), and switching
refers to the ability to shift from one subcategory to a new subcategory. It is
proposed that clustering should reflect theprocess of accessing andusing the
mental lexicon, whereas switching should reflect a searching process. These
two components are further hypothesized to be related to different brain
regions and functions: clustering is related to temporal lobe functions, such
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as verbal memory and word storage, while switching depends on frontal
lobe processes, such as strategic search, cognitive flexibility, and shifting14.

In a seminal study13, younger participants in a semantic fluency task
generated more words and switched more frequently than older partici-
pants, thoughnogroupdifferencewasobserved in cluster size. Furthermore,
Fagundo et al. (2008) conducted both cross-sectional and longitudinal
studies to examine verbal fluency in three groups of participants, i.e., par-
ticipants with memory complaints, AD patients, and healthy controls. The
cross-sectional study revealed thatADpatients produced significantly fewer
correct words, smaller cluster sizes, and exhibited less switching than par-
ticipants with memory complaints and healthy controls. Participants with
memory complaints also showed deficits in word production and clustering
but not in switching compared to healthy controls. In the longitudinal
follow-up, individuals from the MCG who progressed to AD exhibited a
further decline in correct word count and cluster size, but not in switching
performance, compared to those who did not develop dementia. The
variability of clustering and switching behaviors across different ages and
cognitive statuses remains incompletely understood, highlighting the need
for further investigation.

Moreover, few studies have compared verbal fluency data among non-
English-speaking individuals with dementia, MCI, and healthy controls. A
study of Cantonese speakers15 found significant differences in verbalfluency
scores between control and AD groups, as well as between mild and mod-
erate AD subgroups. Verbal fluency scores correlated significantly with the
Mini-Mental State Examination scores (theCantonese version) for bothAD
and control groups. However, they did not calculate cluster size and
switching times for the verbal fluency data. In another studywithMandarin
Chinese participants16, they compared verbal fluency performance in terms
of correct words, cluster size, subcategory (i.e., the number of different types
of clusters generated) and switching times among participants with AD,
vascular dementia (VaD), MCI, vascular cognitive impairment without
dementia (VCIND) and cognitively normal senior controls (NC). The
general pattern was that control participants performed better than parti-
cipants with MCI/VCIND, who in turn performed better than participants
with AD/VaD in the total verbal fluency score and all sub-scores. Sub-
category and switching times were higher for AD thanVaD, suggesting that
these measures help distinguish between the two dementia subtypes.

So far, prior studies have demonstrated the validity of verbal fluency
performance for detecting dementia and, to some extent, distinguishing its

subtypes, althoughmost evidence comes from relatively small samples. The
present study extends this line of work by analyzing animal verbal fluency
data from a large, digitally collected, community-based sample of
Mandarin-speaking older adults within a dementia screening project. We
adopt a two-phase design. In Phase 1, we used the large community-
dwelling sample to establish the empirical and cognitive validity of the verbal
fluency measures. A methodological innovation of the study is the use of a
comprehensive Chinese semantic knowledge base (Tongyici Cilin) to define
animal subcategories. We examined how word count, clustering and
switching indices correlated with cognitive performance (e.g., orientation
and memory) across different age groups and education levels. This phase
aimed to demonstrate how effectively verbal fluency measures captured
meaningful variations related to cognitive function.

InPhase 2,we compared the same set of verbalfluencymeasures across
different groups, including No Cognitive Impairment (NCI), MCI, and
Dementia groups, in a clinically characterized subsample. Linear mixed-
effects models were used to test group differences. By integrating large-scale
community-based evidence (Phase 1) with clinical validation (Phase 2), the
study demonstrates how verbal fluency features can contribute to dementia
screening.

Results
This two-phase study first examined correlations between verbal fluency
metrics (word count, cluster size, switching frequency) and cognitive factors
(memory and orientation) in different age groups and at different education
levels in a large community sample (Phase 1,N = 10571), then validated the
discriminative utility of verbal fluency metrics in a clinically diagnosed
cohort (Phase 2, N = 311).

Correlational analyses of the community sample
First, we used the large community-dwelling sample to establish the
empirical and cognitive validity of the verbal fluency measures (see Fig. 1).
Specifically, we correlated verbal fluency measures with cognitive perfor-
mance measures with the aim of demonstrating how effectively verbal flu-
ency measures capture meaningful variations related to cognitive function
(Table 1).

Our results generally showed thatword count and switching frequency
were positively correlated with memory and orientation scores. In contrast,
cluster size showed statistically significant correlations with both cognitive

Fig. 1 | Semantic verbal fluency performance
across age groups and education levels. Violin
plots show the distribution of wordcount
(VF_Count), switching frequency (VF_Switch), and
cluster size (VF_ClusterSize).
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measures, but these effects were very small in magnitude (small: |r | = 0.1,
medium: |r | = 0.3, large: |r | = 0.5, Cohen, 1988)17 andmaynot be practically
meaningful ( | r | < 0.1). These findings support the validity of word count
and switching as sensitive indicators of cognitive performance in
community-dwelling older adults.

To further explore how age and education modulate these dynamics,
we stratified the dataset into four age groups, each with three education
levels, i.e., low (illiterate and primary school), intermediate (secondary
school and high school), and high (college and above), as shown in Fig. 2.

Memory showeda significant positive correlationwithword count and
switching frequency, mostly with small-to-medium effect sizes. However,
memory was positively correlated with cluster size only in adults aged 80
years and older with low-to-intermediate education levels.

Orientation demonstrated a significant positive correlation with word
count and switching frequency across all age groups among individualswith
low education. Among those with mid-level education, significant

correlations with small effect sizes (0.1 < |r | < 0.3) were mostly observed in
participants aged 60 years and older, whereas among individuals with high
education, itwas observedonly in those aged 80 years andolder.Orientation
was not significantly correlated with cluster size acrossmost age groups and
education levels. The sole exception was a very small effect (r = 0.07)
observed in the 60–69 age group, which is unlikely to be practically
meaningful.

Group differences in verbal fluency performance of the
clinical cohort
We next analyzed data from the clinically diagnosed subset (Phase 2) to
examine differences in verbal fluency across different cognitive status
groups (see Fig. 3).

We built three separate linear mixed-effects regression (LMER)
models18, each with word count, switching frequency and cluster size as the
dependent variables, respectively. All models included cognitive status
(NCI,MCI, dementia) and age of the subjects as a fixed factor. Genders and
education levels were considered as random factors with random intercepts
to maximize the models’ generalizability across the data. We utilized the
Kenward-Roger degrees of freedom approximation19 and the Anova func-
tion from the car package in R, specifying the test as “F”. Main effects for
multilevel factors are reported insteadof comparisonswith the baseline level
using t tests. Therefore, the reported main effects were averaged across all
levels of the other effects and canbe directly used to testwhether these verbal
fluency measures can detect group differences (see Table 2). Post-hoc
pairwise comparisonswithTukey’s adjustmentwereused to identify specific
group differences (see Table 3).

For word count and switching frequency, significant main effects of
group and age were found, whereas the group-by-age interaction was not
significant. Pairwise comparisons revealed that both the dementia andMCI
groups showed lower word count and switching frequency than the NCI

Table 1 | Pearson correlation coefficients among semantic
verbal fluency measures and cognitive scores in the
community sample

Switching
frequency

Word
count

Cluster size Memory

Word count 0.95*

Cluster size -0.074* 0.18*

Memory 0.41* 0.41* 0.047*

Orientation 0.18* 0.18* 0.047* 0.15*

Word count: total correct animal names; switching frequency: number of transitions between
semantic subcategories, cluster size: mean number of words per semantic cluster; memory:
delayed recall task score (0–5); orientation: temporal/spatial orientation task score (0–6). *p < 0.05.

Fig. 2 | Correlations between verbal fluency performance and cognitive measures stratified by age groups and education levels.Heatmaps show the correlation patterns
between verbal fluency indices and memory or orientation scores across age and education subgroups.
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group, but no significant differencewas observed between the dementia and
MCI groups. Thus, word count and switching frequency appear to dis-
criminate primarily between impaired and unimpaired individuals rather
than between levels of impairment. For cluster size, no significant main
effects of group or age emerged. However, a significant group-by-age
interaction was detected. Pairwise comparisons between groups were uni-
formly nonsignificant, suggesting that the interaction reflects age-
contingent effects that are not captured by group differences.

Discussion
The present study yielded findings with implications for understanding
verbal fluency performance in Mandarin-speaking older adults and its
utility for dementia screening. First, in a large community-dwelling sample
(Phase 1), word count and switching frequency emerged as valid indicators
of memory and orientation, whereas cluster size showed only limited

correlations with these cognitive factors. Second, these correlations were
generally stronger among older adults and those with lower levels of edu-
cation. Third, in the clinically characterized subsample (Phase 2), we
observed significant group differences from normal ageing to dementia.
Word count and switching frequency progressively declined from NCI to
MCI and Dementia, while cluster size did not differ significantly across
groups. Below, we discuss each set of findings in turn, address methodo-
logical limitations, and offer directions for future research.

Phase 1 findings established the cognitive relevance of verbal fluency
measures, particularly word count and switching frequency, as valid indi-
cators ofmemory and orientation in a large community-dwelling sample of
older adults. Word count and switching frequency consistently captured
meaningful variance in basic cognitive functions, whereas cluster size
showed only negligible associations with cognitive performance. This pat-
tern aligns with previous findings that the younger group generated more
words and switched more often but displayed similar cluster size relative to
the older group13.

In addition, when we stratified by age and education, the positive
correlations between verbal fluency metrics and cognitive measures (e.g.,
orientation) were consistently stronger or only present among older adults
and thosewith lower education.One cognitively relevant explanation is that
older individuals with lower education may rely more heavily on basic
cognitive scaffolding than younger individuals with higher education,
thereby producing stronger observed correlations. Nevertheless, we
acknowledge that simple orientation tasks and five-word memory tests are
inherently easy for younger-old adults and those with higher education. In
these subgroups, performance is likely compressed at the upper end,
namely, a ceiling effect, whichmay attenuate correlation coefficients due to
restricted range. Conversely, older adults and those with lower education
exhibit fuller performance on these same measures, thereby allowing the
correlations with verbal fluency to emerge more clearly.

In summary, while our findings affirm the cognitive validity of word
count and switching as sensitive cognitive indicators in community-

Fig. 3 |Group differences in semantic verbalfluency performance across diagnostic categories.Violin plots with overlaid boxplots showing the distribution ofword count
(VF_Count), switching frequency (VF_Switch), andmean cluster size (VF_ClusterSize) for the no cognitive impairment, mild cognitive impairment, and dementia groups.

Table 2 | Main effects and interactions for verbal fluency
measures

Verbal fluency indices Factors F df p

Word count Group 11.39 2 304 <0.01

Age 5.72 1 304 0.03

Group * Age 0.76 2 302 0.47

Switching frequency Group 8.84 2 304 <0.01

Age 7.59 1 304 <0.01

Group * Age 0.24 2 302 0.79

Cluster size Group 1.2 2 285 0.30

Age 0.02 1 252 0.89

Group * Age 4.74 2 303 <0.01

Significant results are in bold.
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dwelling older adults, the moderation by age and education must be
interpreted with caution. Future research should employ more challenging
cognitive measures to examine age- and education-related variations in
verbal fluency measures.

The analysis in Phase 2 provides a deeper exploration of verbal fluency
performance as a function of cognitive decline among three groups: NCI,
MCI, and Dementia.

First, both theMCI and dementia groups produced significantly fewer
word counts compared to theNCI group, indicating the impact of cognitive
decline on verbal fluency. This result aligns with existing literature15,16,20–22,
suggesting a deterioration in lexical production abilities as cognitive
impairment worsens. The fact that the MCI group generated significantly
fewer words than theNCI group indicates that even early stages of cognitive
decline can adversely affect verbal fluency. The reduction in the number of
words generated across these groups suggests that verbal fluency tasks may
serve as a useful tool for early detection and monitoring cognitive decline.

The analysis of clustering and switching behaviors in the verbalfluency
task offers important insights into the cognitive processes affected by dif-
ferent stages of cognitive decline. Clustering, which refers to the production
of words within subcategories, and switching, the ability to shift between
these subcategories, are both critical components of verbal fluency that
reveal how individuals access andorganize lexical information.Ourfindings
revealeddifferences in switching frequency but not cluster size betweenNCI
andparticipantswithMCI anddementia, generally consistentwith previous
studies16,20. The dementia group exhibited the lowest switching frequency,
indicating a reduced ability to efficiently shift between subcategories. The
MCI group displayed an intermediate level of switching performance, lower
than the NCI group but comparable with the dementia group.

Unlike some previous studies, our study did not find significant dif-
ferences in cluster size among participants with NCI, MCI, and dementia.
For instance, Fagundo et al. (2008) reported that a control group generated
larger clusters than the memory complaints group (MCG) and AD group.
Similarly, Gomez andWhite (2006) found that the control group generated
larger clusters than the very mild AD group. The typical interpretation of
such findings is that as cognitive decline progresses, the ability to generate
semantically related words within specific subcategories deteriorates,
reflecting a breakdown in the retrieval of lexical-semantic information
stored in memory. Our results, however, did not replicate this pattern,
suggesting that cluster size may be less sensitive to early or MCI in
community-dwelling samples, or that differences in sample characteristics
(e.g., group composition, severity range, or educational background) may
account for the discrepancy.

It should be noted that the validity of measures, such as switching
frequency and cluster size, depends on the appropriateness of definingword
categories. Previous studies rely heavily on schemes that were often devel-
oped for English-speaking populations. These schemes may not fully cap-
ture the semantic relationships in other languages, potentially leading to
inaccuracies when applied cross-culturally. Our use of a semantic knowl-
edge base, such asCilinprovides a relatively objective classification of words

in our automated pipeline for generating verbal fluency measures. Future
studies could further explore this approach in other languages and also
examine other computational ways of representing lexical knowledge23,24.

However, several limitations should be considered. One limitation of
this study is the imbalance in group sizes, particularly the very small
Dementia group compared to theNCI andMCI groups.While the observed
pattern, with the Dementia group performing worst, the MCI group
intermediate, and the NCI group best onmeasures such as word count and
switching frequency, is clinically plausible, the small Dementia sample size
raises concerns regarding the stability of the estimates for that group and the
overall robustness of the group comparisons. Encouragingly, the current
findings provide solid proof of concept and a strong foundation for better-
powered replication efforts with larger, more balanced cohorts, which will
further validate and refine these promising group differences.

Another limitation of this study is the substantial gender imbalance
within the sample, with females outnumbering males. To partially account
for this imbalance, we included gender as a random intercept in our sta-
tisticalmodels, which helps control for variance attributable to gender at the
individual level. However, this analytical adjustment does not fully resolve
the concerns regarding generalizability. Future studies should aim for more
balanced sex representation or conduct sex-stratified analyses to confirm
whether the observed effects hold equally across genders.

A third limitation concerns the use of automatic speech recognition
(ASR) for transcribing the animal naming test in Mandarin. Our
empirical validation of a subset of recordings yielded an estimated
accuracy of 83.2% for the ASR model used (Alibaba Cloud), which is
lower than the accuracy (98%) reported under controlled laboratory
conditions. ASR errors, such as misrecognition of valid animal names as
non-words or omission of responses, may introduce noise into verbal
fluency indices. However, this limitation is largely unavoidable in large-
scale, community-based dementia screening, where manual transcrip-
tion of thousands of verbal fluency responses is impractical due to time
and cost constraints. It is important to note that ASR technology is
advancing rapidly, with ongoing improvements in handling background
noise, speaker accents, and aging voices. As ASR systems continue to
evolve, particularly with the development of domain-specific models
trained on older adult speech and clinical populations25, measurement
error will likely diminish substantially.

In conclusion, among Mandarin-speaking older adults, particularly
those with lower educational attainment, verbal fluency measures (word
count and switching frequency) correlate significantly with cognitive
functions such as memory and orientation. Individuals with MCI and
dementia exhibited marked reductions in word count and switching fre-
quency, reflecting underlying impairments in lexical organization and
cognitiveflexibility.Notably, thepresenceof suchdeficits already in theMCI
group suggests that disruptions in word generation and switching emerge
early in the trajectory of cognitive decline. These findings support the use of
digitally administered verbal fluency assessments for large-scale dementia
screening in community populations.

Table 3 | Results of post-hoc pairwise comparisons (Tukey-adjusted) for verbal fluency measures across diagnostic groups

Models Groups Estimates SE df t p

Word count Dementia - MCI −1.54 1.3 302 −1.18 0.46

Dementia - NCI −3.75 1.28 303 −2.92 0.01

MCI - NCI −2.20 0.55 305 −4 <0.01

Switching frequency Dementia - MCI −1.10 1.03 302 −1.06 0.54

Dementia - NCI −2.69 1.01 303 −2.65 0.02

MCI - NCI −1.59 0.44 305 −3.65 0.001

Cluster size Dementia - MCI −0.07 0.1 303 −0.74 0.74

Dementia - NCI −0.09 0.1 301 −0.89 0.65

MCI - NCI −0.01 0.04 263 −0.31 0.95
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Methods
Data collection
The data we used was obtained via a Digital Cognitive Screener (or DCS)26,
which included three tasks. The first task was a delayed memory test in
which participants had to recall 5 words (i.e., face, silk, chrysanthemum,
hotel, red) with a total score of 5. The second was an orientation task in
which participants needed to answer six questions about the current year,
month, week, date, city and address, with a total score of 6. The third is a
semantic verbal fluency task in which sixty seconds were allotted for par-
ticipants to generate animal names. This study received approval from the
Medical Ethics Committee at Zhejiang University School of Public Health
(ZGL202101-1), and written informed consent was obtained from all par-
ticipants or their legally authorized representatives.

The DCS platform employs voice-recognition technology and is
designed for utilizationbynon-professional facilitators, including caregivers
or social workers26. The platform autonomously evaluates participants’
performance by first converting the test audio into text through automatic
speech recognition (ASR). The system also includes a named entity recog-
nition model to identify crucial details, such as year, day, and address. The
extracted information is cross-referenced with the accurate standard
answer. For every question, the system autonomously assesses the response
and assigns a corresponding score. A previous study has confirmed the
validity of this system in terms of the consistency between automated
scoring and the conventional manual approach26.

Participants
In Phase 1, we selected participants between the ages of 50 and 100 from
the dementia screening project and excluded those with missing data.
We then regrouped the dataset (N = 10571) into four age groups (see
Table 4). Education level was originally coded as: 1 = illiterate, 2 = pri-
mary school, 3 = secondary school, 4 = high school, 5 = college and
above.We regrouped these into three education levels: low (illiterate and
primary school), intermediate (secondary school and high school), and
high (college and above).

In Phase 2, a subset of participants' data (N = 311) from Phase 1
received comprehensive cognitive evaluations, including Montreal Cogni-
tiveAssessment (MoCA)27, theClinicalDementia Rating (CDR) scale28, and
a comprehensive neuropsychological evaluation, from licensed profes-
sionals under double-blind conditions, and then a unified dementia clas-
sification was reached through a joint clinical consensus process. The
inclusion criterion was the provision of informed consent with willingness
to participate. Exclusion criteria were: (1) severe visual, auditory, or com-
munication impairments; (2)major depressive disorder or other psychiatric
illnesses; and (3) refusal to participate. These participants were then clas-
sified into three groups:NCI,MCI, or dementia.Notably, due to the absence
of biomarker confirmation,wewere unable to restrict the dementia group to
ADalonenor to distinguishmixed etiologies. Therefore, the broader clinical
label Dementia is used throughout the results section. Table 5 summarizes
the demographic characteristics of the clinical cohort.

Calculating clusters and switches
Many tools29 have been developed to facilitate the analysis of verbal fluency
data. Schemefiles are required to compute cluster sizes and switches in these
tools. There exist several English animal category schemes from previous
studies13,30. However, these schemes rely on subjective judgements andmay
not be valid across different languages and cultures.

We employed Tongyici Cilin (or Cilin in short), an existing
comprehensive semantic knowledge base, as an objective and com-
prehensive way of defining semantic categories. Cilin is a dictionary
created by HIT IR-Lab and organized in a five-tier hierarchical tree
structure (see Table 6). The first tier indicates major classes, and the
second tier is the intermediate level, e.g., Bh for all plants and Bi for all
animals. The third and fourth tiers further narrow down the category.
For example, horse is marked with Bi06A whereas donkey is marked
with Bi06B. The fifth tier further distinguishes subcategories, e.g., foals
( = Bi06A02) and mares ( = Bi06A03). The words grouped at the
terminal nodes have the same or similar meaning, e.g., “驴子”, “毛驴”,
“驴” ( = Bi06B01, donkey in Chinese). This dictionary was originally
created for and has been widely used in Chinese natural language
processing31.

The dataset was inspected for unregistered, ambiguous, and poly-
semous lexical items. Lexical items not represented in the Cilin taxonomy
were assigned to their semantically nearest hypernym or superordinate
category. For entries containing modifiers (e.g., 小猫, “little cat”), the
modifier was removed to retain the base animal term (e.g., 猫, “cat”). In
cases where a word carried both metaphorical and denotative animal
meanings (e.g., “鸳鸯”, yuān yāng, which metaphorically refers to a
romantic couple and denotatively refers to the mandarin duck), the literal

Table 4 | Demographic characteristics of the community-
dwelling older adult sample, stratified by age group and
education level (Phase 1)

50–59
(N = 2183)

60–69
(N = 3977)

70–79
(N = 3139)

80+
(N = 1272)

p1

Gender <0.001

Female 1541
(71%) 2

2472 (62%) 1898 (60%) 719 (57%)

Male 642 (29%) 1505 (38%) 1241 (40%) 553 (43%)

Age 55(3) 65 (3) 74 (3) 84 (3) <0.001

Education
level

<0.001

High 946 (43%) 1315 (33%) 762 (24%) 365 (29%)

Mid 891 (41%) 1812 (46%) 1132 (36%) 248 (19%)

Low 346 (16%) 850 (21%) 1245 (40%) 659 (52%)
1n (%); mean (SD).
2Pearson’s Chi-squared test; one-way ANOVA.

Table 5 | Demographic and clinical characteristics of the
participants in the diagnostic validation phase (Phase
2, N = 311)

Dementia (N = 16) 1 MCI (N = 92) NCI (N = 203) p 2

Gender 0.15

Female 10 (62%)1 58 (63%) 149 (73%)

Male 6 (38%) 34 (37%) 54 (27%)

Age 78 (10) 74 (9) 69 (7) <0.001

Education <0.001

High 1 (6.3%) 5 (5.4%) 47 (23%)

Mid 2 (13%) 27 (29%) 96 (47%)

Low 13 (81%) 60 (65%) 60 (30%)

NCInocognitive impairment,MCImild cognitive impairment, anddementia groups.
1 n (%); mean (SD).
2 Fisher’s exact test; one-way ANOVA

Table 6 | Hierarchical structure of Tongyici Cilin (Cilin) with an
example code

Level 1 2 3 4 5

Category Major
class

Intermediate
class

Minor
class

Group Atomic
group

Code B i 0 6 A 0 1

The five-tier structure (major class, intermediate class, minor class, group, atomic group) was used
to objectively define semantic categories for animal names in the verbal fluency task.
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animal interpretation was retained. Repeated responses were not excluded
from the analysis.

Clusters were defined as groups of successively generated words
belonging to the same semantic subcategory with the same first three levels
based onCilin. For example, a horse and a donkeywere treated as belonging
to the same category. Cluster size was counted from the first word in each
cluster, and the mean cluster size was calculated for each participant.
Switches were calculated as the number of transitions between clusters,
including single words.

Statistical analyses
In Phase 1, Pearson correlation analyses were conducted between verbal
fluency measures (word count, switching frequency, cluster size) and
cognitive measures (memory and orientation), initially across the entire
dataset and subsequently within age- and education-stratified sub-
samples. This stratified approach was adopted to examine how the
observed correlations varied across different age and education
subgroups.

In Phase 2, three separate LMERmodels were constructed, with word
count, switching frequency, and cluster size entered as dependent variables,
respectively. Each model included cognitive status (NCI, MCI, dementia)
and participant age as fixed factors. Gender and education level were treated
as random factors with random intercepts to enhance the generalizability of
the models across the dataset. The Kenward-Roger degrees of freedom
approximation19 was applied, and theAnova function from the car package
inRwas usedwith the test specifiedas “F”.Main effects formultilevel factors
are reported rather than t test-based comparisons against a baseline level.
Consequently, the reported main effects represent averages across all levels
of other effects and can be directly interpreted to test whether the verbal
fluency measures are sensitive to group differences. Post-hoc pairwise
comparisons with Tukey’s adjustment were conducted to identify specific
group differences.

Data availability
The data that support the findings of this study are available from the
authors, Xin Xu and Mengyue Wu, upon reasonable request.

Code availability
The code used in this study is available at OSF: https://osf.io/bx4s3/
overview?view_only=9a6b8a418fcd4237bb09b0645f03a602.
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