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Objective: This study aimed to examine the association between different obesity-related metabolic phenotypes, transitions in
metabolic status over time, and cognitive function improvement among middle-aged and older adults in China.

Methods: Data were derived from the China Health and Retirement Longitudinal Study, a nationally representative longitudinal
cohort involving urban and rural residents aged 45 years and older. Baseline data were collected in 2011, with follow-up assessments
extending to 2020. Participants were classified into four body mass index (BMI)-metabolic phenotypes: Metabolically Healthy Normal
Weight (MHNW), Metabolically Unhealthy Normal Weight (MUNW), Metabolically Healthy Overweight/Obesity (MHOO), and
Metabolically Unhealthy Overweight/Obesity (MUOO). Cognitive function was evaluated through assessments of episodic memory,
mental status, and overall cognitive performance. Statistical analyses were performed using R Studio 4.3.1. Cox regression analysis
models were employed to estimate associations between metabolic phenotypes, their longitudinal transitions, and changes in cognitive
function.

Results: In both the 2011 and 2015 surveys, MHOO demonstrated significantly higher scores in episodic memory, mental status, and
overall cognitive function compared to other groups, while MUNW demonstrated significantly lower scores across all domains. In
addition, cognitive outcomes varied by BMI-metabolic phenotypes: MHOO was positively associated with cognitive improvement,
MUNW was usually associated with poorer cognitive outcomes, and MUOO had no significant association with cognitive changes.
Moreover, individuals with stable MUNW status exhibited a lower likelihood of cognitive improvement relative to those with stable
MHNW status. In contrast, individuals with stable MHOO status demonstrated a significantly greater likelihood of cognitive
improvement. Furthermore, transitioning from MHNW to MUNW was associated with decreased likelihood of favorable cognitive
outcomes.

Conclusion: Regardless of weight classification, metabolic health was associated with superior baseline cognitive function and
a slower rate of cognitive decline. These findings underscore the significance of metabolic health in predicting cognitive aging
trajectories among middle-aged and older individuals.

Keywords: body mass index-metabolic phenotype, CHARLS database, cognitive function, heterogeneity of obesity metabolism,
R studio

Introduction

With the acceleration of global population aging, the health of middle-aged and older adults has become an increasingly
important focus of public health research. Cognitive decline represents one of the key factors affecting quality of life in
this demographic and contributes substantially to burdens placed on families and healthcare systems.' By 2025,
individuals aged 60 years and older are projected to comprise approximately 20.0% of the total population in China.”
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As the number of patients diagnosed with cognitive impairment continues to rise, the resulting demands on public health
systems are expected to increase, necessitating additional medical resources and expanded long-term care services.
According to the “Diagnostic and Statistical Manual of Mental Disorders (5th ed.)” by the American Psychiatric
Association, cognitive impairment is characterized by subjective and objective declines in one or more cognitive
domains, including complex attention, executive function, learning and memory, language, sensorimotor control, and
social cognition, which can interfere with daily functioning or co-occur with psychiatric conditions, and may ultimately
lead to dementia.’

Obesity is defined by the excessive accumulation and abnormal distribution of adipose tissue, involving both
hypertrophy and hyperplasia of adipocytes.* It constitutes a major risk factor for a range of chronic conditions, including
metabolic syndrome, stroke, type 2 diabetes, and coronary heart disease, and has been recognized as an independent
predictor of global mortality.” Body mass index (BMI) remains a widely used, cost-effective indicator for assessing
overall obesity (BMI > 25 kg/m”); however, it does not differentiate between obesity types (eg, general vs central
obesity).® In clinical contexts, sex-related differences in adipose tissue distribution have been extensively documented.
Females generally have higher body fat percentages, with preferential storage in the gluteofemoral region. Males, by
contrast, more commonly exhibit abdominal fat accumulation, particularly visceral adiposity around internal organs.
Visceral adipose tissue, compared to subcutaneous fat, has demonstrated a stronger association with hypertension,
diabetes, and metabolic syndrome, indicating a higher metabolic risk. These sex-specific patterns indicate that males
may exhibit more severe metabolic disturbances associated with obesity compared to females.” In addition, middle-aged
and older adults tend to demonstrate higher prevalence rates of obesity compared to younger populations.

Evidence has linked obesity and its related metabolic disturbances with increased risk for cognitive impairment and
dementia.®® With advancing age and the emergence of multiple metabolic risk factors, the rate of cognitive decline
accelerates further. Obesity is a well-recognized risk factor for dementia; however, recent studies have suggested that in
certain populations, obesity may exert a protective effect on cognition, a phenomenon referred to as the “obesity
paradox”.'® The impact of obesity on dementia may vary depending on factors such as age, sex, and metabolic
status.® The potential mechanisms underlying obesity-related cognitive decline include: (1) Obesity-associated inflam-
mation—a chronic, low-grade systemic inflammatory state resulting from adipose tissue expansion, which induces
hypoxia and cell death, triggering the release of pro-inflammatory molecules and inflammatory factors. Excessive
nutrient intake promotes adipocyte hypertrophy, endoplasmic reticulum stress, mitochondrial dysfunction, free radical
release, and activation of inflammatory pathways, thereby forming a pathophysiological basis for cognitive disorders;'"-'*
(2) Insulin resistance—which impairs neuronal glucose uptake, enhances pro-inflammatory factor release, increases
blood-brain barrier permeability, facilitates peripheral inflammatory factor entry into the brain, and affects cerebrovas-
cular endothelial function;'® and (3) The gut-brain axis—obesity-associated gut microbiota dysbiosis, reduced short-
chain fatty acids, and increased lipopolysaccharides activate systemic low-grade inflammation and damage the blood-
brain barrier. Increased intestinal permeability allows bacterial toxins to enter circulation, activating immune responses
via the Toll-like receptor 4/Nuclear factor kappa-B (TLR4/NF-kB) pathway, leading to elevated pro-inflammatory
cytokines such as tumor necrosis factor-o, (TNF-0) and interleukin-6 (IL-6), neuroinflammatory damage, and cognitive
decline.”® Some findings have indicated that elevated visceral adiposity index may be associated with a slower decline in
cognitive function among middle-aged and older adults in China.'"* This observation contrasts with conventional
assumptions and may be partially explained by the metabolic heterogeneity inherent in obesity, which has not been
consistently accounted for in previous investigations.

Given the variation in obesity-related metabolic profiles across sex and age, there is a need for improved stratified
management of obesity and metabolic status to enable more precise diagnostic and therapeutic strategies. Based on
combined BMI and metabolic health indicators, participants in this study were categorized into four phenotypic groups:
Metabolically Healthy Normal Weight (MHNW), Metabolically Unhealthy Normal Weight (MUNW), Metabolically
Healthy Overweight/Obesity (MHOO), and Metabolically Unhealthy Overweight/Obesity (MUOO).'

Using data from the China Health and Retirement Longitudinal Study (CHARLS), a prospective cohort study, this
research examined the associations between obesity-related metabolic heterogeneity, transitions in metabolic status, and
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changes in cognitive function. The analysis included comparisons across subgroups defined by age and sex to identify
those who may derive the greatest cognitive benefit from changes in metabolic status associated with obesity.

Methods
Study Participants and Design

The present analysis utilized data from the CHARLS, a longitudinal cohort study involving community-dwelling urban
and rural residents in China aged 45 years and older. At baseline (2011-2012), a nationally representative cohort of
17,708 participants was recruited through multistage probability sampling across 150 counties in 28 provinces. All
participants completed standardized, face-to-face interviews conducted by trained personnel to collect data on socio-
demographic factors, lifestyle behaviors, and health status. Among these participants, 13,978 completed anthropometric
and physical function assessments, and 11,847 provided blood samples for laboratory evaluation. Five follow-up waves
have been conducted: 2013 (second wave), 2015 (third wave), 2018 (fourth wave), and 2020 (fifth wave). In 2015,
a second round of blood sampling was carried out to measure low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), total cholesterol (TC), triglycerides (TG), fasting blood glucose (FBG), and glycated
hemoglobin (HbAlc). Informed consent was obtained from all participants.

An initial analytic sample of 11,755 participants with complete baseline data on metabolic parameters, blood pressure,
and HbA1c was identified. Exclusion criteria were subsequently applied to remove participants without valid BMI data,
those with a BMI < 18.5 kg/m?, participants unclassifiable by metabolic status, and those with missing covariate data.
Additionally, participants with a baseline diagnosis of cardiovascular disease (CVD) were excluded. Since the second
biochemical data collection was conducted in 2015, a subset of 5497 participants with complete metabolic and obesity
data from the third wave was retained for further analysis.

The study flowchart is shown in Figure 1.

Definition of Obesity and Metabolic Status

Obesity was defined using BMI classifications established by the Chinese Working Group on Obesity (WGOC).'®
Participants were categorized as obese (> 28.0 kg/m?), overweight (24.0-28.0 kg/m?), or normal weight (18.5-24.0 kg/
m?). Metabolic unhealthiness was defined by the presence of at least two of the following criteria:'>'7'?
glucose control (FBG > 5.6 mmol/L, HbAlc > 6.0%, or use of antidiabetic medications); (2) elevated blood pressure

(systolic > 130 mmHg, diastolic > 85 mmHg, or use of antihypertensive medications); (3) hypertriglyceridemia (TG >

(1) impaired

1.7 mmol/L or use of lipid-lowering medications); and (4) reduced HDL-C (males < 1.03 mmol/L; females < 1.29 mmol/
L, or use of lipid-lowering medications). Based on BMI and metabolic status, four phenotypes were established: MHNW,
MHOO, MUNW, and MUOO. These phenotypes were identified at both baseline (2011) and follow-up (2015), allowing
for analysis of changes in metabolic status over time.

Assessment of Cognitive Status
Cognitive function in CHARLS was assessed through three components: episodic memory, mental state, and a composite
cognitive ability score.

Assessment of Episodic Memory

Participants were presented with a list of Chinese nouns and asked to recall them immediately (immediate recall) and
after a 5-minute delay (delayed recall). The episodic memory score was calculated as the sum of immediate and delayed
recall scores, ranging from 0 to 20 points. Higher scores indicated better memory performance.

Assessment of Mental State

The mental state was evaluated using the Telephone Interview for Cognitive Status (TICS), which included tasks such as
serial subtraction (subtracting 7 from 100), stating the date, and redrawing a geometric figure Scores ranged from 0 to 11
points, with higher scores reflecting better mental status.
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The CHARLS cohort recruited
17,708 participants aged 245
years in 2011-2012.

Excluded
»| Missing anthropometric or blood
sample data (n=5,861)
4
Participants remaining:
n = 11,847
Excluded
Missing or incomplete metabolic data
(only blood pressure n = 1,714; only
> HbA1c n = 9; completely missing n =
4,067)
Each participant had 22 core
metabolic indicators
4
Remaining participants:
n=11,755
Used for subsequent
classification analysis Excluded

« During 2015 follow-up:

« No metabolic data (n = 2,915)

* Only blood pressure (n = 1,202)

» Only blood glucose/HbA1c (n = 2)
« Incomplete height or weight
information (n = 1,103)

* BMI < 18.5 kg/m? (n = 532)

4 » Metabolic status indeterminable (n
= 504)

Final included
participants: n = 5,497

Figure | Flowchart of study.
Abbreviations: CHARLS, China Health and Retirement Longitudinal Study; BMI, body mass index.

Assessment of Cognitive Abilities
The cognitive ability score was derived by summing the episodic memory and TICS scores, yielding a composite score
ranging from 0 to 31. Higher composite scores denoted superior cognitive performance.

All cognitive assessments were administered by trained researchers following standardized protocols. Cognitive
improvement, defined as a binary outcome (0 = no improvement, 1 = improvement), was used as the primary endpoint to
evaluate the association between BMI-metabolic phenotypes and cognitive function.

Evaluation of Other Variables

Demographic and clinical covariates were obtained from the CHARLS public dataset. Variables included age, sex,
marital status, educational attainment, place of residence (urban vs rural), alcohol use, smoking status, and presence of
chronic conditions (eg, hypertension, diabetes mellitus, cancer, pulmonary disease, CVD, stroke, mental disorders,
arthritis, dyslipidemia, liver disease, renal disease, gastrointestinal disorders, and asthma). Educational attainment was
categorized based on CHARLS coding: (1) no formal education, (2) primary education (completed or partially
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completed), (3) junior high education (completed or partially completed), and (4) senior high school or higher (including
vocational education, junior college, or university-level education).

Statistical Analysis

Since no prior effect size was available in China regarding the association between BMI-metabolic phenotype and
cognitive improvement in middle-aged and older adults, an a priori power analysis was not performed. Instead, the final
sample size was determined by screening valid cases from the CHARLS cohort that had complete baseline and follow-up
data on obesity—metabolic phenotypes, cognitive function, and covariates (17,708 participants at baseline, of whom 549
were included after strict eligibility criteria). A post hoc power analysis was subsequently conducted using the Cox
proportional hazards regression module in PASS software, based on the classical framework of survival analysis. The
results showed that the statistical power for detecting associations between MHOO versus MHNW and MUNW versus
MHNW was 92.3% and 87.6%, respectively (both >80%). In addition, the number of events per variable in the Cox
regression satisfied the recommended criterion of >10:1 (event-to-variable ratio ~98:1). Taken together, these results
demonstrate that the sample size and statistical power of the present study were adequate to detect the association
between BMI-metabolic phenotypes and cognitive improvement.

Statistical analyses were conducted using R Studio version 4.3.1. Continuous variables were reported as medians with
interquartile ranges (IQRs), and categorical variables were presented as counts with corresponding percentages. Between-
group comparisons of baseline characteristics were performed using the Kruskal-Wallis test for continuous variables and
the chi-square test for categorical variables. Multivariable Cox proportional hazards regression analysis models were
used to assess associations between BMI-metabolic phenotypes and cognitive status, reported as hazard ratios (HRs) with
95% confidence intervals (CIs). Age at baseline and at the end of follow-up was used as the time scale. Three models
were constructed: Model 1 (unadjusted), Model 2 (adjusted for sex, marital status, residence, smoking, and alcohol use),
and a fully adjusted model (additionally adjusted for hypertension, diabetes mellitus, CVD, stroke, dyslipidemia, liver
disease, renal disease, HbAlc, educational attainment, and arthritis). The same modeling strategy was employed to
examine the associations of obesity and metabolic status transitions with cognitive function, using the stable MHNW
phenotype as the reference group. Subgroup analyses were stratified by sex, smoking status, alcohol consumption, liver
disease, and arthritis. Two-sided p-values < 0.05 were considered statistically significant.

Note: Survival analysis was conducted using age as the temporal scale.

This investigation examined the association between BMI-metabolic phenotypes and cognitive abilities using data
from the CHARLS, applying a Cox proportional hazards model with age as the temporal scale. CHARLS is designed to
assess health-related outcomes among urban and rural residents in China, aged 45 years and older. Given that physical
function, metabolic status, and cognitive abilities in middle-aged and older adults are closely linked to age, this temporal
framework was considered appropriate for evaluating longitudinal associations in this population.”’ Unlike traditional
approaches that employ follow-up time as the time scale, the use of age enables the analysis to reflect age-related changes
more accurately throughout the cohort, thereby aligning with the temporal structure inherent in longitudinal research.
Age, as a biologically meaningful dimension, facilitates the evaluation of cognitive outcomes by accounting for natural
aging processes. Accordingly, it was employed as the time variable in the Cox regression analysis models to assess the
influence of BMI-metabolic phenotypes on cognitive performance. The application of age as the temporal scale has also
been supported and adopted in previous epidemiological studies.?'

Results

Baseline Characteristics

Data from 5497 participants were analyzed and categorized into four BMI-metabolic phenotypes: MHNW, MUNW,
MHOO, and MUOO. As presented in Table 1, the MUOO group demonstrated the highest median values for systolic
blood pressure (SBP, 134.50 mmHg), diastolic blood pressure (DBP, 80.50 mmHg), mean arterial pressure
(98.50 mmHg), BMI (26.82 kg/m?), fasting blood glucose (FBG, 108.00 mg/dL), triglycerides (TG, 154.88 mg/dL),
and glycated hemoglobin (HbAlc, 5.30%). Conversely, this group had the lowest median high-density lipoprotein
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cholesterol (HDL-C, 41.37 mg/dL). Significant differences across the four groups were observed in baseline character-
istics including age, sex, marital status, place of residence, comorbidities such as hypertension, diabetes mellitus, cardiac
disease, stroke, arthritis, and dyslipidemia, as well as smoking and alcohol consumption status.

Comparison of Baseline Cognitive Scores

Participants were stratified by BMI-metabolic phenotype, with baseline cognitive scores compared across groups
(Table 2). The MHOO group consistently exhibited significantly higher scores in episodic memory, mental status, and
overall cognitive abilities during surveys conducted in 2011 and 2015 compared to other groups. In contrast, the MUNW
group demonstrated significantly lower scores at both time points. These results indicate that metabolic health is
associated with superior baseline cognitive function and a slower decline, regardless of body weight. Additionally, the
superior cognitive performance observed in participants classified as MHOO compared to MUNW indicates that relying
solely on BMI for health assessment may be inadequate. Continuous variables are presented as means with standard
deviations (SD) or interquartile ranges (IQR), while categorical variables are expressed as frequencies and percentages.
Group differences in continuous variables were assessed using ANOVA, and categorical variables were compared using
Chi-square tests.

Association Between Baseline BMI-Metabolic Phenotypes and Cognitive Improvement
(Multivariate Cox Regression Analysis)

Multiple Cox proportional hazards models were utilized to assess the effect of BMI-metabolic phenotypes on cognitive
outcomes, including episodic memory, mental status, and overall cognitive ability. Results indicated significant associa-
tions of the MHOO phenotype, sex, marital status, hypertension, and educational attainment with improvements in all

three cognitive domains (Table 3).

Table 2 Baseline Cognitive Scores of the Study Population: Cross-Sectional Comparisons in 2011 and 2015

Variables Total (n = 5497) MHNW (n = 1638) MHOO (n = 588) MUNW (n = 1572) MUOO (n = 1699) P
Episodic memory (2011) 3.69 £ 1.54 3.68 £ 1.48 3.90 £ 1.59 355+ 1.51 3.74 £ 1.58 <0.001
Episodic memory (2015) 341 £ 1.77 3.37 £ 1.81 3.65 £ 1.72 3.27 + 1.80 349 + 1.69 <0.001
Mental status (2011) 835 +242 832 +247 8.55 +2.34 824 +2.48 843 + 235 0.031
Mental status(2015) 824 +2.44 820 + 2.43 841 £2.30 8.04 + 2.59 8.39 + 235 <0.001
Cognitive ability (2011) 12.04 £ 3.23 11.99 £ 3.20 1245 + 3.18 11.80 + 3.31 12.17 £ 3.18 <0.001
Cognitive ability (2015) 11.64 £ 3.49 11.57 £ 3.52 12.07 + 3.27 11.31 £ 3.67 11.88 + 3.31 <0.001

Abbreviations: MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO, Metabolically Healthy Overweight/Obesity;
MUOO, Metabolically Unhealthy Overweight/Obesity.

Table 3 Sensitivity Analysis of the Association Between BMI-Metabolic Phenotypes and Cognitive Improvement

Variables HR (95% CI) P HR (95% CI) P HR (95% CI) P
Episodic memory Mental status Cognitive ability

MHNW 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

MHOO 1.21 (1.04 ~ 1.41) 0.013 1.19 (1.01-1.39) 0.033 1.22 (1.05-1.41) 0.007
MUNW 0.87 (0.77 ~ 0.98) 0.021 0.91 (0.81-1.02) 0.120 0.88 (0.79-0.99) 0.034
MUOO 0.99 (0.87 ~ I.11) 0.832 .11 (0.98-1.25) 0.109 1.05 (0.94-1.18) 0.408
Sex 0.59 (0.52 ~ 0.67) <0.001 0.56 (0.49-0.65) <0.001 0.59 (0.53-0.67) <0.001
Marital Status 2.25 (1.92 ~ 2.65) <0.001 1.91 (1.64-2.21) <0.001 2.20 (1.89-2.56) <0.001
Residence 1.04 (0.95 ~ 1.14) 0.348 1.27 (1.15-1.40) <0.001 1.16 (1.06—1.26) 0.001

(Continued)
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Table 3 (Continued).

Variables HR (95% CI) P HR (95% CI) P HR (95% CI) P
Episodic memory Mental status Coghnitive ability
Hypertension 0.85 (0.76 ~ 0.94) 0.002 0.84 (0.75-0.93) <0.001 0.81 (0.74-0.90) <0.001
Diabetes 0.92 (0.78 ~ 1.08) 0.315 0.88 (0.73-1.04) 0.138 0.85 (0.72-1.01) 0.063
Heart Disease 0.95 (0.83 ~ 1.07) 0.382 0.81 (0.70-0.92) 0.002 0.93 (0.83-1.05) 0.270
Stroke 0.84 (0.61 ~ 1.14) 0.263 0.84 (0.62-1.15) 0.276 0.91 (0.68-1.21) 0.499
Dyslipidemia 1.06 (0.93 ~ 1.22) 0.373 1.12 (0.97-1.29) 0.115 1.06 (0.93-1.22) 0.355
Drinking 1.01 (091 ~ 1.13) 0.805 1.05 (0.94-1.17) 0.359 1.05 (0.95-1.16) 0.386
Smoking 0.97 (0.86 ~ 1.09) 0.568 1.09 (0.96—1.24) 0.167 0.96 (0.85-1.08) 0.487
Arthritis 0.96 (0.88 ~ 1.05) 0416 0.94 (0.86—1.04) 0.227 0.92 (0.84-1.01) 0.071
Education
No formal Education 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Primary school Graduate 1.47 (1.32-1.65) <0.001 1.13 (1.01-1.27) 0.028 1.30 (1.16—1.45) <0.001
Junior high School graduate 2.82 (2.51-3.17) <0.001 1.86 (1.64-2.11) <0.001 245 (2.19-2.74) <0.001
Senior high School or above 2.92 (2.52-3.39) <0.001 1.98 (1.68-2.32) <0.001 2.67 (2.32-3.08) <0.001

Abbreviations: MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO, Metabolically Healthy Overweight/
Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity; HR, Hazard Ratio.

Correlation of Baseline BMI-Metabolic Phenotype with Cognitive Improvement:

Multimodal Cox Regression Analysis

Using age as a proxy for survival time, a multivariable Cox regression analysis was performed to examine the
associations between baseline BMI-metabolic phenotypes and cognitive outcomes, including cognitive ability, mental
status, and episodic memory. The results indicated that, relative to participants in the MHNW group, those in the MHOO
group demonstrated a significant positive association with cognitive ability improvement across all adjusted models
(hazard ratio [HR] range: 1.22-1.32, p < 0.05). Conversely, participants in the MUNW group exhibited a significant
negative association with cognitive ability improvement (HR range: 0.83—0.89, p < 0.05), whereas those in the MUOO
group demonstrated no statistically significant effect (HR range: 1.05-1.06, p > 0.05). Regarding mental status, the
MHOO group maintained a significant positive association with improvement across all models (HR range: 1.19-1.26,
p < 0.05), while the MUNW group demonstrated a negative association in some models (eg, Model 1, p < 0.05). The
MUOO group did not demonstrate a significant relationship with mental status improvement (p > 0.05). Similarly, for the
MHOO group, episodic memory was positively correlated with improvement (HR range: 1.21-1.33, p < 0.05), while it
was negatively correlated in the MUNW group (HR range: 0.84—0.88, p < 0.05), and the MUOO group demonstrated no
significant association (p > 0.05). Overall, distinct BMI-metabolic phenotypes exhibited differential effects on cognitive
improvement across domains, with the MHOO group demonstrating significant positive correlations, the MUNW group
displaying negative correlations, and the MUOO group generally demonstrating no significant impact (see Table 4 and
Figure 2). These findings indicate that BMI-metabolic phenotypes play a critical role in cognitive trajectories.

Correlation Between BMI-Metabolic Phenotypes and Cognitive Improvement Across
Different Subgroups

Subgroup analyses were conducted using Cox regression analysis to assess the relationship between BMI-metabolic
phenotypes and cognitive improvement while controlling for potential confounders by excluding interacting variables.
This approach minimized confounding bias, enhanced model interpretability, and improved the generalizability of
findings across different subgroups.

No significant interactions were detected between BMI-metabolic phenotypes and sex, smoking status, alcohol
consumption, liver disease, or arthritis.

Journal of Multidisciplinary Healthcare 2025:18 hetps: 7391



Ma et al

Table 4 Associations Between Baseline BMI-Metabolic Phenotypes and Cognitive Improvement

Variables | MHNW MHOO MUNW MUOO

HR(95% CI) P P P

Episodic memory

Model | Ref | 1.33 (1.14-1.54) | <0.001 | 0.84 (0.75-0.94) | 0.002 | 1.03 (0.93—1.15) | 0.54I
Model 2 Ref | 121 (1.04-1.41) | 0012 | 0.87 (0.77-0.98) | 0.022 | 0.99 (0.88-1.12) | 0.852
Model 3 Ref | 121 (1.04-1.41) | 0012 | 0.88(0.78-0.99) | 0.029 | 1.00 (0.89-1.13) | 0.968

Mental status

Model | Ref 1.26(1.08-1.48) | 0.004 | 0.86 (0.76-0.96) | 0.008 | 1.09 (0.98-1.22) | O.111
Model 2 Ref 1.19 (1.01-1.39) | 0.033 | 091 (0.81-1.03) | 0.128 | I.11 (0.98-1.25) | 0.108
Model 3 Ref 1.19 (1.01-1.40) | 0.033 | 0.92 (0.81-1.03) | 0.159 | 1.12 (0.99-1.27) | 0.063

Cognitive ability

Model | Ref 1.32 (1.14-1.52) | <0.001 | 0.83 (0.75 -0.93) | <0.001 | 1.05(0.95-1.17) | 0.34I
Model 2 Ref 1.22(1.06-1.41) | 0.007 | 0.89 (0.79-0.99) | 0.038 1.05(0.94-1.18) | 0.389
Model 3 Ref 1.22(1.06-1.41) | 0.007 | 0.89 (0.80-0.99) | 0.047 1.06(0.95-1.20) | 0.292

Abbreviations: MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO,
Metabolically Healthy Overweight/Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity; HR, Hazard Ratio.

Within sex-stratified analysis, female participants classified as MHOO exhibited a significant positive association with
cognitive improvement (HR = 1.34; 95% confidence interval [CI]: 1.08-1.66; p = 0.008). In contrast, female participants
in the MUNW group demonstrated a significant negative association (HR = 0.83; 95% CI: 0.72—-0.97; p = 0.020). Among
male participants, only those in the MUNW group showed a statistically significant negative association with cognitive
improvement (HR = 0.82; 95% CI: 0.70-0.95; p = 0.010).

Among individuals who did not smoke, MHOO was positively associated with cognitive improvement (HR = 1.26;
95% CI: 1.05-1.51; p = 0.012), while MUNW was negatively associated (HR = 0.83; 95% CI: 0.72-0.96; p = 0.010). In
the subgroup of current or former smokers, only MUNW demonstrated a statistically significant negative association (HR
= 0.82; 95% CI: 0.69-0.97; p = 0.023).

Among participants who reported alcohol consumption or had arthritis, MHOO was positively associated with
cognitive improvement, whereas MUNW remained negatively associated.

Among participants without liver disease, MHOO demonstrated a significant positive association (HR = 1.29; 95%
CI: 1.11-1.50; p < 0.001), while MUNW was negatively associated (HR = 0.83; 95% CI: 0.75-0.93; p = 0.001).
However, among participants with liver disease, none of the metabolic phenotypes except MHNW were significantly
associated with cognitive improvement.

Overall, subgroup analysis results aligned with primary findings. Additionally, among male participants and partici-
pants who smoked, MHOO was not significantly linked to an increased likelihood of cognitive improvement (see Table 5
and Figure 3).

Association Between BMI-Metabolic Phenotype Transition and Cognitive

Improvement
Metabolic and obesity statuses demonstrated dynamic changes over the 4-year follow-up period (Table 6). For example,
7.7% of participants classified as MHNW transitioned to MHOO, and 7.2% of those initially classified as MHOO
transitioned to MUOO. The effect of these transitions on cognitive improvement was subsequently examined (Table 7
and Table 8).

In the fully adjusted Cox regression analysis model, stable MUNW (HR = 0.81; 95% CI: 0.69-0.95; p = 0.009) and
stable MHOO status (HR = 1.58; 95% CI: 1.28-1.98; p < 0.001) were significantly associated with cognitive outcomes
compared to stable MHNW status. Specifically, MHOO was linked to a higher likelihood of cognitive improvement,
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Figure 2 Associations between baseline BMI-metabolic phenotypes and cognitive improvement. (A) Episodic memory, (B) Mental status, (C) Cognitive functioning. Model
I: Crude; Model 2: Adjust: sex, marital_status, residence, drinking, smoking; Model 3: Adjust: sex, marital_status, residence, hypertension, diabetes, heart_disease, stroke,
dyslipidemia, drinking, smoking, Glycosylated, Arthritis.

Abbreviations: BMI, body mass index; MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO, Metabolically Healthy
Overweight/Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity.

while MUNW was associated with a reduced likelihood. Transitioning from MHNW to MUNW also correlated with
decreased cognitive improvement likelihood (HR = 0.79; 95% CI: 0.66-0.95; p = 0.014).

Regarding intergroup transitions (Table 8), transitioning from MUOO to MUNW was associated with a 30%
reduction in the likelihood of cognitive improvement (HR = 0.70; 95% CI: 0.54-0.90; p = 0.006) compared to
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Table 5 Associations Between BMI-Metabolic Phenotypes and Cognitive Improvement Across Subgroups

Variables MHNW MHOO P MUNW P MUOO P P for Interaction
Sex 0.298
Male Ref 1.20 (0.98 ~ 1.46) | 0.079 | 0.82(0.70 ~ 0.95) | 0.010 | 0.91(0.79 ~ 1.05) | 0.204

Female Ref 1.34 (1.08 ~ 1.66) | 0.008 | 0.83(0.72 ~ 0.97) | 0.020 | 1.12(0.96 ~ 1.32) | 0.15I

Smoking 0.303
No Ref 1.26 (1.05 ~ 1.51) | 0.012 | 0.83(0.72 ~0.96) | 0.010 | 0.93(0.81 ~ 1.07) | 0.30I

Yes Ref 1.24 (0.96 ~ 1.59) | 0.099 | 0.82(0.69 ~ 0.97) | 0.023 | 1.15(0.96 ~ 1.37) | 0.138

Drinking 0.423
No Ref 1.23 (1.03 ~ 1.48) | 0.026 | 0.83(0.71 ~ 0.95) | 0.009 | 0.92(0.80 ~ 1.06) | 0.263

Yes Ref 1.31 (1.02 ~ 1.68) | 0.033 | 0.82(0.70 ~ 0.97) | 0.022 | 1.10(0.93 ~ 1.31) | 0.257

Arthritis 0.661
No Ref 1.23 (1.03 ~ 1.48) | 0.024 | 0.83(0.73 ~ 0.95) | 0.006 | 0.95(0.83 ~ 1.08) | 0.443

Yes Ref 1.31 (1.02 ~ 1.68) | 0.033 | 0.81(0.66 ~0.99) | 0.038 | 1.08(0.90 ~ 1.31) | 0.411

Liver Disease 0.164
No Ref 1.29 (1.1l ~ 1.50) | <0.001 | 0.83(0.75 ~ 0.93) | 0.001 | 1.00(0.90 ~ 1.12) | 0.956

Yes Ref 0.52 (0.21 ~ 1.28) | 0.153 | 0.70(0.41 ~ 1.21) | 0.199 | 0.72(0.44 ~ 1.18) | 0.193

Abbreviations: MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO, Metabolically Healthy Overweight/
Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity.

MHNW. Similarly, transitioning from MHNW to MUNW resulted in a 25% reduction (HR = 0.75; 95% CI: 0.63-0.90;
p = 0.002). Conversely, participants who improved from MUOO to MHOO had a 29% increased likelihood of cognitive
improvement (HR = 1.29; 95% CI: 1.01-1.63; p = 0.040). These results suggest that changes in metabolic health
significantly influence cognitive outcomes.

Further subgroup comparisons explored the moderating effect of obesity status on cognitive improvement associated
with changes in metabolic health. Compared to participants transitioning from MHNW to MUNW, those transitioning from
MHOO to MUOO demonstrated a 52% higher likelihood of cognitive improvement (HR = 1.52; 95% CI: 1.19-1.94; p <
0.001). Likewise, participants transitioning from MUNW to MHNW had a 29% increased likelihood of cognitive
improvement relative to those transitioning from MUOO to MHOO (HR = 1.29; 95% CI: 1.01-1.63; p = 0.040).

Discussion
The relationship between obesity and cognitive impairment is complex. Some studies report contradictory findings,
exemplified by the “obesity paradox”, whereby obese individuals may exhibit a lower risk of dementia compared to those

Variables HR (95%C) MHNW MHOO P HR (95%CI) MHNW MUNW P HR (95%CI) MHNW MUOO p
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Figure 3 Associations between BMI-metabolic phenotypes and cognitive improvement across subgroups.
Abbreviations: BMI, body mass index; MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight; MHOO, Metabolically Healthy
Overweight/Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity; HR, Hazard Ratio.
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Table 6 Frequency and Proportion of Transitions in BMI-Metabolic Phenotypes Over Time

Baseline BMI-Metabolic Phenotypes | Re-Evaluation of BMI Metabolic Phenotypes, n (%)
MHNW MUNW MHOO MUOO
MHNW 888 (16.20) | 175 (3.20) | 421 (7.70) 154 (2.80)
MUNW 52 (0.90) 236 (4.30) 43 (0.80) 257 (4.70)
MHOO 322 (5.90) 75 (1.40) | 781 (14.20) 394 (7.20)
MUOO 49 (0.90) 182 (3.30) 159 (2.90) 1309 (23.80)

Abbreviations: MHNW, Metabolically Healthy Normal Weight; MUNW, Metabolically Unhealthy Normal Weight;

MHOO, Metabolically Healthy Overweight/Obesity; MUOO, Metabolically Unhealthy Overweight/Obesity.

Table 7 Associations Between Metabolic State Transitions and

Cognitive Improvement

Grouping Fully Adjusted Model p-value
HR (95% Confidence Interval.)

Stable MHNW Ref -
MHNW-MUNW 0.795 (0.662, 0.954) 0.014
Stable MUNW 0.809 (0.691, 0.949) 0.009
Stable MHOO 1.589 (1.276, 1.978) <0.001
MHOO-MUOO 1.219 (0.980, 1.515) 0.075
Stable MUOO 1.073 (0.923, 1.249) 0.356

Notes: Fully adjusted model: Adjusted for sex, marital status, residence, smok-
ing status, alcohol consumption status, and hypertension, cardiovascular disease,
dyslipidemia, liver disease, kidney disease, and stroke.
Abbreviations: MHNW, metabolically healthy normal weight; MHOO, meta-
bolically healthy overweight/obesity; MUNW, metabolically unhealthy normal
weight; MUOO, metabolically unhealthy overweight/obesity; HR, Hazard Ratio.

Table 8 Associations Between Transitions in BMI-Metabolic Phenotypes and

Cognitive Improvement

BMI-Metabolic Phenotypes Transition | HR (95% Confidence Interval) | p-value
Stable MUOO Ref —
MUOO to MUNW 0.70 (0.54, 0.9) 0.006
Stable MHNW Ref —
MUNW-MUOO 1.05 (0.89, 1.25) 0.548
Stable MHOO Ref —
MHOO-MHNW 0.84 (0.53, 1.33) 0.448
Stable MHNW Ref —
MHNW-MHOO 1.21 (0.94, 1.55) 0.138
Stable MHNW Ref —
MHNW-MUNW 0.75 (0.63, 0.9) 0.002
Stable MUNW Ref —
MUNW-MHNW 0.76 (0.62, 0.93) 0.007
Stable MHOO Ref —
MHOO-MUOO 1.14 (0.92, 1.41) 0.233
Stable MUOO Ref —
MUOO to MHOO 1.29 (1.01, 1.63) 0.040
MHNW-MUNW Ref —
MHOO-MUOO 1.52(1.19, 1.94) 0.001
(Continued)
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Table 8 (Continued).

BMI-Metabolic Phenotypes Transition | HR (95% Confidence Interval) | p-value

MUNW-MHNW Ref —
MUOO-MHOO 1.29(1.01, 1.63) 0.040

Notes: Fully adjusted model: Adjusted for sex, marital status, residence, smoking status, alcohol consumption
status, and hypertension, cardiovascular disease, dyslipidemia, liver disease, kidney disease, and stroke.
Abbreviations: MHNW, metabolically healthy normal weight; MHOO, metabolically healthy overweight/
obesity; MUNW, metabolically unhealthy normal weight; MUOO, metabolically unhealthy overweight/obesity;
HR, Hazard Ratio.

with lower BMI, and increased visceral obesity index correlates with slower cognitive decline among middle-aged and
older adults in China.'*** The mechanisms underpinning these paradoxes remain unclear but may be influenced by age,
sex, genetic susceptibility, comorbidities, and the metabolic heterogeneity of obesity. In the present study, participants
were categorized into four BMI-metabolic phenotypes to explore the impact of metabolic heterogeneity of obesity and
transitions in obesity status on cognitive function improvement in middle-aged and older adults.

At baseline, the MUOO group exhibited the highest median values for SBP, DBP, mean arterial pressure, BMI, fasting
blood glucose (FBG), TG, and HbA I¢, alongside the lowest median HDL-C, consistent with prior findings.”* These data
indicate that individuals classified as MUOQO are predisposed to elevated blood pressure, glucose, lipid abnormalities, and
increased BMI. In MUOO individuals, adipose tissue may possess greater expandability and healthier functionality (eg,
lipid storage capacity and a more favorable adipokine secretion profile), allowing excess lipids to be safely stored in
subcutaneous fat rather than ectopically deposited in organs such as the liver or muscle. This mechanism could help
prevent the development of severe metabolic disturbances and inflammation. In our study sample, the MUOO group may
differ only minimally from the MHNW group in terms of the true key risk indicators, such as levels of specific
inflammatory markers. As a result, statistically significant differences between these groups were not detected.

Baseline assessments revealed that participants classified as MHOO scored significantly higher on episodic memory,
mental status, and cognitive ability evaluations in both 2011 and 2015 surveys compared to other groups. Conversely,
participants classified as MUNW consistently scored lower. This indicates that among metabolically healthy participants,
overweight and obesity were associated with superior cognitive performance, whereas among metabolically unhealthy
participants, normal weight was linked to poorer cognitive function.

The association between baseline BMI-metabolic phenotypes and cognitive improvement (Table 4) demonstrated
a positive correlation for MHOO and a negative correlation for MUNW with cognitive improvements; MUOO demon-
strated no significant association. Contrary to the conventional view of obesity as a risk factor exacerbating cognitive
decline, the “obesity paradox™ was observed, indicating limitations in using BMI alone to categorize health status.®® The
BMI-metabolic phenotype appears critical in cognitive improvement, underscoring the need for further evaluation of its
role.

Subgroup analyses largely corroborated primary findings. However, among participants with liver disease, only
MHNW was associated with cognitive improvement, potentially due to liver disease-related metabolic disturbances,
inflammation, and toxin accumulation impairing cognition regardless of metabolic phenotype. Male participants classi-
fied as MHOO did not exhibit increased likelihood of cognitive improvement, possibly because overweight/obesity in
men correlates with lower testosterone levels, which are associated with reduced cognitive function, potentially negating
MHOO metabolic advantages.24 Similarly, among smokers, the MHOO phenotype did not increase cognitive improve-
ment likelihood, possibly because smoking exacerbates inflammation, insulin resistance, and vascular damage, diminish-
ing MHOO benefits. Thus, smoking cessation should be prioritized along with metabolic and cognitive monitoring for
smokers classified as MHOO to mitigate long-term risks.*>*

Analyses of baseline BMI-metabolic phenotypes and cognitive improvement revealed significant associations invol-
ving the MHOO phenotype, sex, marital status, hypertension, and educational attainment with improvements across three
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cognitive domains. Specifically, the MHOO phenotype, marital status, and higher education correlated positively with
cognitive improvements (Table 3).

Additionally, changes in metabolic and obesity status over time influenced cognitive improvement. During a four-year
follow-up, 7.7% of participants classified as MHNW transitioned to MHOO, while 7.2% of participants classified as
MHOO transitioned to MUOO. The stable MHOO group demonstrated a significantly increased likelihood of cognitive
improvement, whereas stable MUNW demonstrated decreased likelihood. Transitioning from MHNW to MUNW was
also associated with reduced cognitive improvement. Compared to stable controls, transitioning from MUOO to MUNW
and from MHNW to MUNW reduced cognitive improvement likelihood by 30% and 25%, respectively. Conversely,
participants transitioning from MUOO to MHOO demonstrated a 29% increased likelihood of cognitive improvement.
Notably, participants transitioning from MHOO to MUOO experienced a 52% greater likelihood of cognitive improve-
ment compared to those transitioning from MHNW to MUNW.

Similarly, those transitioning from MUOO to MHOO exhibited a 29% increased likelihood of cognitive improvement
relative to transitions from MUNW to MHNW. Collectively, these findings indicate that metabolic and obesity status
transitions significantly affect cognitive improvement, warranting comprehensive stratified analyses for accurate
evaluation.

Limitations and Future Directions: The study population consisted solely of middle-aged and older adults in China,
which may limit generalizability due to cultural and regional factors. Potential confounding variables, such as dietary
habits, physical activity levels, sleep quality, mental health status (eg, depression), medication use, and genetic factors
may remain despite adjustment for multiple covariates. In addition, although this study monitored transitions in BMI-
metabolic phenotypes over time, it did not investigate the potential drivers of these transitions, such as intentional weight
management, pharmacological treatment, or lifestyle modifications. This may limit the ability to draw conclusions about
the mechanisms underlying cognitive changes. This study excluded individuals with BMI <18.5 kg/m? to avoid
confounding effects arising from the distinct metabolic and cognitive mechanisms associated with underweight status.
However, this strategy may limit the generalizability of our findings, and future research with larger samples or stratified
analyses is needed to further examine differences across body types. In addition, the follow-up sample included in 2015
was smaller than the baseline cohort, which may introduce a degree of selection bias. Nevertheless, the analytic sample
retained the main characteristics of the baseline cohort, and statistical models were adjusted for key confounders,
supporting the validity of our conclusions. Future research should involve larger sample sizes and incorporate cognitive-
related biomarkers and objective neuroimaging data to further elucidate mechanisms linking obesity heterogeneity to
cognitive outcomes. Lastly, the assessment of cognitive function in this study was based on available data within the
CHARLS database, which may not comprehensively capture all relevant cognitive domains. Future studies should
expand the scope of cognitive assessments to include additional domains in order to provide a more complete under-
standing of cognitive changes.

Conclusion

The findings of this study indicate that metabolic health status is associated with higher baseline cognitive scores and
a slower rate of cognitive decline, regardless of body weight. Distinct BMI-metabolic phenotypes were found to exert
differential effects on improvements in episodic memory, mental status, and overall cognitive abilities. In particular, the
MHOO phenotype demonstrated a significant positive association with cognitive improvement, whereas the MUNW
phenotype was generally associated with poorer cognitive outcomes. The MUOO phenotype exhibited no significant
relationship with cognitive improvement. Moreover, transitions in metabolic status were demonstrated to influence the
likelihood of cognitive improvement over time. These findings emphasize the limitations of using BMI alone as
a measure of health and underscore the importance of considering metabolic phenotypes when evaluating cognitive
trajectories and developing targeted intervention strategies. Neurologists, geriatricians, and general practitioners should
be aware that assessing cognitive risk cannot rely solely on body weight or body shape. A comprehensive panel of
metabolic indicators, including blood lipids, glucose, HbAlc, and blood pressure, should be integrated into the risk
assessment framework for cognitive health. For patients seeking to maintain cognitive function or those already
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experiencing early cognitive impairment, the primary goal of clinical intervention should not be limited to “weight
reduction”. Instead, priority should be given to improving metabolic health.
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