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Abstract

INTRODUCTION: Evidence has emerged that cardiometabolic multimorbidity (CMM)

is associated with dementia, but the underlyingmechanisms are poorly understood.

METHODS: This population-based study included 5704 older adults. Of these, data

were available in 1439 persons for plasma amyloid-β (Aβ), total tau, and neurofilament

light chain (NfL) and in 1809 persons for serum cytokines.We defined CMM following
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two common definitions used in previous studies. Data were analyzed using general

linear, logistic, andmediationmodels.

RESULTS: The presence of CMMwas significantly associated with an increased likeli-

hood of dementia, Alzheimer’s disease (AD), and vascular dementia (VaD) (p < 0.05).

CMM was significantly associated with increased plasma Aβ40, Aβ42, and NfL,

whereas CMM that included visceral obesity was associated with increased serum

cytokines. Themediationanalysis suggested that plasmaNfL significantlymediated the

association of CMMwith AD.

DISCUSSION: CMM is associated with dementia, AD, and VaD in older adults. The

neurodegenerative pathway is involved in the association of CMMwith AD.

KEYWORDS

cardiometabolic multimorbidity, dementia, neurodegeneration, plasma Alzheimer’s biomarkers,
population-based study, serum cytokines

Highlights

∙ The presence of CMM was associated with increased likelihoods of dementia, AD,

and VaD in older adults.

∙ CMM was associated with increased AD-related plasma biomarkers and serum

inflammatory cytokines.

∙ Neurodegenerative pathwaywaspartly involved in the associationofCMMwithAD.

1 BACKGROUND

Dementia, a leading cause of functional disability among older adults,

has reached epidemic proportions as the global population ages.1

In China, the prevalence of dementia among individuals aged ≥60

years was around 6.0%, and the prevalence has been increasing since

the 1990s.2,3 Notably, the prevalence and incidence of dementia are

both higher in rural than in urban populations in China, which might

be partially attributed to the disparities between rural and urban

residents in socioeconomic status (e.g., educational attainment and

income), healthcare system, and management of cardiometabolic risk

factors.2

There is currently no cure for dementia. Identifying modifiable risk

factors for dementia is crucial to the development of preventive inter-

ventions. Cardiometabolic diseases (CMDs), such as obesity, diabetes,

heart disease, and stroke, have been associated with an increased risk

of dementia.4–6 However, most of the previous studies have exam-

ined individual CMDs in association with dementia. Cardiometabolic

multimorbidity (CMM), defined as concurrent presence of two or

more CMDs, is highly prevalence in older people.7 Previous studies

have shown that CMM is predictive of multiple adverse health out-

comes, such as mortality,8 functional disability,9 and depression.10 In

recent years, several population-based studies have explored the asso-

ciation of CMM with cognitive phenotypes.11–14 For instance, data

from the UK Biobank demonstrated that CMM was associated with

an increased risk of dementia and poor cognitive performance, espe-

cially in processing and reasoning domains.11,13 In addition, evidence

from the Swedish National Study on Aging and Care–Kungsholmen

(SNAC-K) suggested that CMM could accelerate cognitive decline and

progression to dementia.12 These findings were further supported by

pooled data from four large-scale cohort studies across 14 countries.14

However, the existing studies have been conducted primarily among

Northern American and European populations. Given the global dis-

parities in health and healthcare systems, especially the global rural

health disparities in Alzheimer’s disease (AD) and related dementias,15

research findings frompopulations in high-income countries and urban

areas might not be generalizable to rural populations in low- and

middle-income countries. Furthermore, the extent to which CMM is

associated with the main subtypes of dementia remains largely under-

studied. In addition, different definitions of CMM have been used in

the current literature. Someprevious studies have definedCMMbased

on three CMDs (i.e., diabetes, myocardial infarction, and stroke),12

whereas others also include obesity as a CMD.16 It is unclear to what

extent variations in the definition of CMM may affect the association

of CMMwith dementia and subtypes of dementia.

In addition, the potential mechanisms underlying the association

between CMM and cognitive phenotypes remain unclear. Chronic

systemic inflammation associated with CMDs could modulate the

metabolism of amyloid-β (Aβ) and facilitate neuroinflammation and

neurodegeneration17 and, thus, may contribute to the development

of dementia. Indeed, previous studies have shown that some cardio-

vascular risk factors (e.g., hypertension, hyperlipidemia, and diabetes)
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are associated with AD-related pathology in the brain.18 However,

the association of CMM with peripheral AD-related biomarkers and

inflammatory biomarkers has not yet been examined, and the extent

to which these peripheral biomarkers may mediate the association of

CMMwith dementia remains unclear.

Using the data-driven approach, we previously reported that

metabolic cluster ofmultimorbidity (e.g., hypertension, hyperlipidemia,

and chronic kidney disease) was associated with dementia, and vascu-

lar dementia (VaD) in particular.19 In this population-based study, we

sought (1) to examine the association of CMM with all-cause demen-

tia, AD, VaD, and peripheral AD-related and inflammatory biomarkers

among older adults who were living in rural communities in China,

and further (2) to explore the potential mediation effect of peripheral

biomarkers in the CMM-dementia/AD associations. We hypothesized

that, depending on the definition of CMM, the presence and load

of CMM might be differentially associated with dementia and sub-

types of dementia, and that peripheral AD-related and inflammatory

biomarkers might partly mediate the association.

2 METHODS

2.1 Study participants

This was a population-based cross-sectional study. The study par-

ticipants were derived from the Multimodal Interventions to delay

dementia and disability in rural China (MIND-China), which is a partici-

pating project in theWorld-Wide FINGERSNetwork, a global network

for risk reduction and prevention of dementia.20 Briefly, MIND-China

engaged rural residents who were aged ≥60 years by the end of 2017

and living in the 52 villages of Yanlou Town, Yanggu County, west-

ern Shandong Province. In March–September 2018, a total number

of 5765 residents (74.9% of all eligible persons) participated in the

interdisciplinary baseline assessments, as previously reported.20 Of

these, we excluded 61 participants due to major psychiatric disorders

(e.g., schizophrenia and bipolar disorder, n = 8) and missing data on

heart disease (n = 12), stroke (n = 3), and obesity (n = 38), leaving

5704 persons to study the associations of CMMwith all-cause demen-

tia and subtypes of dementia. Of these, data on plasma biomarkers

for amyloid and neurodegeneration were available in 1439 persons,

which consisted of the plasma AD-related biomarker subsample. In

addition, serum inflammatory cytokines were measured in 1857 per-

sons; of these, we excluded 48 participants due to the value below the

limit of detection (n = 1) and outliers (outside three standard devia-

tions [SDs] away from the mean, n = 47) in any of the three serum

cytokines, that is, interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor

necrosis factor-α (TNF-α), leaving 1809 persons for the analysis involv-
ing serum cytokines. The two peripheral biomarker subsamples were

randomly selected using a cluster (village)-based sampling approach

from all the 52 villages of Yanlou Town plus participants who had

blood samples available and who were diagnosed with AD (for plasma

AD-related biomarker subsample) or dementia (for serum inflamma-

tory biomarker sample) from all the villages that were not randomly

RESEARCH INCONTEXT

1. Systematic review:We searchedPubMed for relevant lit-

erature. Evidence from a few population-based studies

has emerged that cardiometabolicmultimorbidity (CMM)

is associated with dementia. However, the association of

CMM with dementia among rural Chinese older adults

has yet to be explored, and the mechanisms underlying

their association remain poorly understood.

2. Interpretation: This population-based cross-sectional

study showed that the presence of CMM was associ-

ated with increased likelihoods of dementia, Alzheimer’s

disease (AD), and vascular dementia in rural-dwelling

older adults. In addition, CMM was associated with

increased AD-related plasma biomarkers (i.e., plasma

amyloid-β [Aβ]40, Aβ42, and neurofilament light chain

[NfL]) and increased serum cytokines (e.g., interleukin-6

[IL-6], tumor necrosis factor- α [TNF-α], and high lev-

els of low-grade inflammation). We further revealed that

neurodegenerative pathway was partly involved in the

association of CMMwith AD.

3. Future directions: Future prospective cohort studies are

warranted to clarify the temporal relationship of CMM

with subsequent cognitive disorders and the underlying

mechanisms, whichmay provide further evidence for pre-

ventive and therapeutic interventions by targeting CMM

to delay the onset of dementia in rural older adults.

selected, as previously reported.21 Figure 1 shows the flowchart of the

study participants.

Compared with participants without data on peripheral biomark-

ers, those included in the biomarker samples were slightly younger

and more likely to be women, smoke, be physically inactive, and have

heart disease or stroke (p < 0.05), but those without and with data

on peripheral biomarkers did not differ significantly in the distribution

of apolipoprotein E (APOE) genotype and other demographic factors,

lifestyles, and health conditions (Supplemental Materials Table S1 and

Table S2).

The MIND-China protocol was approved by the Ethics Committee

at Shandong Provincial Hospital affiliated to Shandong University in

Jinan, Shandong, China. Written informed consent was obtained from

all the participants or informants. MIND-China was registered in the

Chinese Clinical Trial Registry (registration no.: ChiCTR1800017758).

2.2 Assessment and definition of cardiometabolic
diseases and multimorbidity

The following four CMDs were included in defining CMM: type 2 dia-

betes, heart disease, stroke, and visceral obesity.22,23 Heart disease
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F IGURE 1 Flowchart of the study participants. IL-6, interleukin-6; LOD, limit of detection;MIND-China, Multimodal Intervention to Delay
Dementia andDisability in Rural China; NfL, neurofilament light chain; SD, standard deviation.

included ischemic heart disease, atrial fibrillation, and heart failure,

which were ascertained according to self-reported history of respec-

tive disorders or electrocardiographic (ECG) examination.24 Type 2

diabetes was ascertained on the basis of self-reported history of dia-

betes diagnosed by a physician or fasting blood glucose ≥7.0 mmol/L

or current use of blood glucose-lowering medication. Stroke was iden-

tified based on self-reported history of stroke, clinical and neurological

examinations, and medical records. Given the fact that visceral obe-

sity as an independent risk marker for cardiovascular and metabolic

morbidity and mortality is superior to body mass index (BMI),25–27

we included visceral obesity, instead of BMI, as a CMD in one of

the two CMM definitions. Visceral adiposity index was a sex-specific

index based onwaist circumference (WC), BMI, triglycerides, and high-

density lipoprotein (HDL).25 Visceral obesity was defined as visceral

adiposity index≥1.93 (age60-65years) and≥2.00 (age≥66years).25,28

We defined CMM according to two definitions proposed in previ-

ous studies, that is, CMMwasdefinedby concurrent presenceof twoor

more CMDs over the three CMDs (i.e., type 2 diabetes, heart disease,

and stroke) (CMM-I)12,23 or over the four CMDs (i.e., visceral obesity,

type 2 diabetes, heart disease, and stroke) (CMM-II).14,16

2.3 Diagnosis of dementia, AD, and VaD

Dementia was clinically diagnosed according to the Diagnostic and

Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV),

criteria,29 in which a three-step diagnostic procedure was followed,

as previously reported.20 In brief, trained clinicians and interview-

ers performed the first face-to-face interview, clinical examination,

neurocognitive testing, and assessment of activities of daily living

following a structured questionnaire. Then, the neurologists spe-

cialized in dementia diagnosis and care reviewed all the recorded

information to make a preliminary judgment of dementia for partic-

ipants who were suspected to have dementia. Finally, neurologists
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conducted the second face-to-face interview with people who were

selected in Step 2 or with informants or both, and the diagnosis of

dementia was made based on all the assessments. Dementia was

further categorized into AD and VaD. AD was clinically diagnosed

following the National Institute on Aging–Alzheimer’s Association

(NIA-AA) criteria for probable AD dementia.30 VaDwas diagnosed fol-

lowing theNational Institute of Neurological Disorders and Stroke and

the Association International pour la Recherche et I’Enseignement en

Neurosciences (NINDS-AIREN) criteria for probable VaD.31

2.4 Measurements of plasma AD-related
biomarkers and serum cytokines

After overnight fasting, peripheral blood samples were collected into

tubes coated with ethylenediaminetetraacetic acid (EDTA) or into

tubes containing EDTA-K2 and a procoagulant separating gel, and

then centrifuged following the standard procedure. Then, plasma and

serum samples were collected respectively, aliquoted, and stored at

−80◦C until further analysis. Plasma concentrations of Aβ40, Aβ42,
total tau, and neurofilament light chain protein (NfL) were measured

using a single-molecule array (SIMOA) on the HD-X platform (Quan-

terix Corp, MA) following the manufacturer’s instructions (Wayen

Biotechnologies Inc., Shanghai, China). The Human Neurology 3-Plex

A assay (N3PA) was used to measure Aβ40, Aβ42, and total tau, and

NF-light® advantage Kit for NfL. Two quality control (QC) samples and

one pooled sample were detected in duplicates on each plate for all

analyses. The intra- and interassay coefficients of variation for bothQC

samples were controlled within 13%.

Serum cytokines were measured using the Meso Scale Discovery

V-PLEX Proinflammatory Panel.32 We included three inflammatory

biomarkers in this analysis, that is, IL-6, IL-8, and TNF-α. Two QC sam-

ples to monitor the intra- and interplate coefficients of variation. The

intra- and interassay coefficientsof variation forbothQCsampleswere

below 15%.

2.5 Measurement of covariates

The baseline assessment protocol in MIND-China has been described

in detail previously.20 Briefly, trained clinicians and interviewers col-

lected information on demographics, lifestyles, medical history, use

of medications, and cognitive function through face-to-face inter-

view, clinical examination, and laboratory tests.33 Educational level

was categorized into illiterate (no formal schooling), primary school,

middle school, or above. Occupation was categorized into farm-

ers versus nonfarmers. Smoking status and alcohol intake were

categorized as ever smoking versus never smoking and current

alcohol drinking versus nonalcohol drinking, respectively. Physical

inactivity was defined as less than once a week of any form of

physical exercise. Hypertension was defined as systolic pressure

≥140 mmHg or diastolic pressure ≥90 mmHg or current use of

antihypertensive medication.33 Hyperlipidemia was defined as total

serum cholesterol ≥6.22 mmol/L, triglyceride ≥2.26 mmol/L, low-

density lipoprotein cholesterol ≥4.14 mmol/L, high-density lipopro-

tein cholesterol < 1.04 mmol/L, or current use of lipid-lowering

agents.34 Severe depression was defined as the Geriatric Depression

Scale-15 (GDS-15) score ≥12.35 In addition, fasting peripheral blood

samples were collected for laboratory tests, including routine bio-

chemical examination (e.g., fasting blood glucose and lipids) and APOE

genotyping.

2.6 Statistical analysis

Characteristics of the study participants were presented with fre-

quencies (%) for categorical variables and median (interquartile range,

IQR) for continuous variables with skewed distribution. We compared

characteristics of the study participants by dementia status using the

chi-squared test for categorical variables, and Mann–Whitney test for

continuous variables with skewed distribution. We analyzed CMDs

both as a continuous variable (number of CMDs, range 0-3 or 0-4) and

a categorical variable (CMM, yes vs. no). We used logistic regression

models to analyze the associations of CMDs and CMMwith dementia,

AD, and VaD.

In the biomarker subsamples, we used the general linear regres-

sion models to examine the associations of CMDs and CMM with

plasma AD-related biomarkers and serum cytokines. Plasma NfL and

Aβ40 concentrations and serum IL-6, IL-8, and TNF-α levels were

log-transformed to reduce skewness. Figure S1 shows the density

plots of plasma AD-related biomarkers, serum cytokines, and log-

transformed variables (Supplemental Materials Figure S1). The three

log-transformed cytokineswere converted to a standard z score,32 and

then z-scores of the three serum cytokines were averaged to yield a

composite score for low-grade inflammation, as previously reported.36

We reported the main results from the models that were adjusted

for socio-demographics (age, sex, education, and occupation), lifestyle

behaviors (smoking, alcohol intake, physical inactivity), health condi-

tions (hypertension, hyperlipidemia, and severe depression), and APOE

ε4 allele, but hyperlipidemia was not adjusted for when the indepen-

dent (exposure) variable was CMM-II or visceral obesity. To explore

whetherperipheral biomarkers couldmediate the cross-sectional asso-

ciation ofCMMwith cognitive outcomes,mediationmodelswere fitted

using themethods proposedbyBaron andKenny.37 Weestimated indi-

rect effect, and the significance of themediationwas determined using

5000 bootstrapped iterations (“BruceR” package in R 4.4.1 software).

The mediation models were controlled for age, sex, education, occu-

pation, smoking, alcohol drinking, physical inactivity, hypertension,

severe depression, and APOE ε4 allele.
Statistical analyses were performed using R version 4.4.1 (R

Core Team, R Foundation for Statistical Computing, Vienna, Austria,

https://www.R-project.org) for Windows and Stata Statistical Soft-

ware, Release 17 (Stata Corp., College Station, TX). A two-tailed

p< 0.05was considered statistically significant.

https://www.R-project.org
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3 RESULTS

3.1 Characteristics of study participants

Of the 5704 participants, the median age was 70 (IQR = 7) years,

57.3% were female, and 40.5% were illiterate (Table 1). In total, 302

(5.3%) were diagnosed with all-cause dementia, including 193 (3.4%)

with AD, 98 (1.7%) with VaD, and 11 (0.2%) with other types of demen-

tia. The overall prevalence of CMM-I and CMM-II in the total sample

was 10.4%and19.4%, respectively. Comparedwith dementia-free par-

ticipants, those with dementia were older, more likely to be female,

less educated, more likely to be farmer, and less likely to smoke and

drink alcohol (p < 0.001). Furthermore, compared to people without

dementia, those with dementia were more likely to have hyperlipi-

demia, severe depression, heart disease, stroke, diabetes, and visceral

obesity (p < 0.05), and a higher prevalence of CMM (p < 0.001). Par-

ticipants with and without dementia had no significant differences in

the distributions of physical inactivity, hypertension, andAPOE ε4 allele
(p> 0.05) (Table 1).

3.2 Associations of CMDs and CMM with
all-cause dementia, AD, and VaD (n = 5704)

Of the four individual CMDs, type 2 diabetes, stroke, and visceral

obesity were significantly associated with an increased likelihood

of all-cause dementia and VaD (p < 0.05), but not AD (p > 0.05)

(Supplemental Materials Table S3). Heart disease was not signifi-

cantly associated with all-cause dementia and subtypes of dementia

(p> 0.05).

For the CMM-I that was defined according to three CMDs (i.e., type

2 diabetes, heart disease, and stroke), controlling for potential con-

founding factors, the number of CMDs was significantly associated

with increased likelihood of all-cause dementia (odds ratio [OR]= 1.73;

95% confidence interval [CI] 1.47-2.03) and VaD (3.11; 2.42-4.00), but

not AD. As a dichotomous variable, the presence of CMM was sig-

nificantly associated with increased likelihood of all-cause dementia

(OR = 2.44; 95% CI 1.75-3.41) and VaD (5.51; 3.45-8.79), but not AD

(Table 2).

For the CMM-II that was defined based on four CMDs (i.e., visceral

obesity, type 2 diabetes, heart disease, and stroke), both the number

of CMDs and the presence of CMMwere significantly associated with

increased likelihood of all-cause dementia, AD, and VaD (p < 0.05)

(Table 2).

The aforementioned associations of the number of CMDs and the

presence of CMM with AD, dementia, and VaD could be roughly

replicated in the subsamples of plasma AD-related biomarkers and

serum inflammatory biomarkers (SupplementalMaterials Table S4 and

Table S5).

In the total sample,wedetecteda statistically significant ormarginal

interaction of sexwithCMM-I andCMM-II on all-cause dementia (p for

interaction < 0.001), AD (p for interaction = 0.012 and 0.130, respec-

tively), and VaD (p for interaction = 0.023 and 0.013, respectively).

Further analysis stratified by sex showed that the associations of CMM

with all-cause dementia, AD, and VaD were stronger in males than in

females (Figure 2).

3.3 Associations of CMM with plasma AD
biomarkers and serum cytokines

In the plasma AD-related biomarker subsample (n = 1439), control-

ling for potential confounders, the presenceofCMM-Iwas significantly

associated with increased plasma NfL (β-coefficient = 0.096; 95% CI

0.005-0.186), Aβ40 (0.062; 0.018-0.107), and Aβ42 (0.560; 0.020-

1.100) (p < 0.05), but not with plasma total tau and Aβ42/Aβ40 ratio

(p > 0.05) (Table 3). We also analyzed CMM-II in association with

plasma AD biomarkers, which yielded results similar to those for the

CMM-I (Table 3).

In the serum cytokines subsample (n = 1809), when CMM was

defined based on three CMDs (CMM-I), neither the number of CMDs

nor the presence of CMM-I was significantly associated with any of

the three examined serum cytokines and the composite score for low-

grade inflammation. By contrast, for CMM-II, controlling for potential

confounders, having CMM-II was significantly associated with higher

levels of serum IL-6 (β-coefficient=0.203; 95%CI 0.084-0.323), TNF-α
(0.318; 0.198-0.437), and the composite score of low-grade inflamma-

tion (0.170; 0.077-0.263) (p<0.001), but notwith serum IL-8 (p>0.05)

(Table 4).

3.4 Mediation of peripheral biomarkers in the
association of CMM with dementia, AD, and VaD

In the plasma AD-related biomarker subsample (n = 1439), the medi-

ation analysis showed that plasma NfL significantly mediated the

association betweenCMM-II and the likelihoodofAD,with the propor-

tion ofmediation being 15.15% (p< 0.05) (Figure 3). Furthermediation

analysis by sex showed that the mediation of plasma NfL in the asso-

ciation of CMM-II with AD was significant in both female and male

participants, with the proportion of mediation being 16.7% and 16.4%,

respectively. There was no significant mediation of plasma NfL in the

association between CMM-I and the likelihood of AD. In the serum

cytokine subsample (n= 1809), no statistically significant mediation of

serum cytokines in the association of CMMwith dementia or subtypes

of dementia was observed.

4 DISCUSSION

The main findings from this large-scale population-based study of

rural-dwelling older adults in China can be summarized as follows:

(1) CMM, operationalized in two ways, was strongly associated with

increased likelihoods of all-cause dementia, especially VaD; (2) CMM-

I and -II were associated with increased plasma Aβ40, Aβ42, and NfL,

whereas CMM-II but not CMM-I was associated with increased serum
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TABLE 1 Characteristics of study participants in the total sample and by dementia status.

Total sample All-cause dementia

Characteristicsa (n= 5704) No (n= 5402) Yes (n= 302) p-value

Age (y), median (IQR) 70.0 (7.0) 70.0 (7.0) 76.0 (11.0) <0.001

Female sex, n (%) 3268 (57.3) 3059 (56.6) 209 (69.2) <0.001

Educational level, n (%) <0.001

Illiterate 2308 (40.5) 2104 (38.9) 204 (67.5)

Primary school 2398 (42.0) 2321 (43.0) 77 (25.5)

Middle school or above 998 (17.5) 977 (18.1) 21 (7.0)

Farmers, n (%) 4920 (88.3) 4663 (87.9) 257 (94.8) <0.001

Ever smoking, n (%) 2028 (35.6) 1957 (36.2) 71 (23.6) <0.001

Current alcohol drinking, n (%) 1650 (28.9) 1614 (29.9) 36 (12.0) <0.001

Physical inactivity, n (%) 1949 (35.1) 1853 (35.0) 96 (37.2) 0.519

APOE ε4 carriers, n (%) 876 (15.9) 826 (15.8) 50 (17.9) 0.414

Hypertension, n (%) 3807 (67.3) 3604 (67.2) 203 (67.9) 0.864

Hyperlipidemia, n (%) 1387 (24.3) 1298 (24.0) 89 (29.5) 0.038

Severe depression, n (%) 51 (1.0) 39 (0.8) 12 (7.0) <0.001

Heart disease, n (%) 1343 (23.5) 1254 (23.2) 89 (29.5) 0.015

Stroke, n (%) 899 (15.8) 794 (14.7) 105 (34.8) <0.001

Type 2 diabetes, n (%) 820 (14.4) 763 (14.1) 57 (18.9) 0.027

Visceral obesity, n (%) 1471 (25.8) 1374 (25.4) 97 (32.1) 0.012

CMM-Ib

No. of CMDs, n (%) <0.001

0 3308 (58.0) 3186 (59.0) 122 (40.4)

1 1802 (31.6) 1683 (31.2) 119 (39.4)

2 522 (9.2) 471 (8.7) 51 (16.9)

3 72 (1.3) 62 (1.1) 10 (3.3)

Presence of CMM, n (%) <0.001

No 5110 (89.6) 4869 (90.1) 241 (79.8)

Yes 594 (10.4) 533 (9.9) 61 (20.2)

CMM-IIc

No. of CMDs, n (%) <0.001

0 2581 (45.2) 2488 (46.1) 93 (30.8)

1 2019 (35.4) 1915 (35.4) 104 (34.4)

2 836 (14.7) 761 (14.1) 75 (24.8)

3 230 (4.0) 204 (3.8) 26 (8.6)

4 38 (0.7) 34 (0.6) 4 (1.3)

Presence of CMM, n (%) <0.001

No 4600 (80.6) 4403 (81.5) 197 (65.2)

Yes 1104 (19.4) 999 (18.5) 105 (34.8)

Plasma AD-related biomarkers (n= 1439) n= 1439 n= 1299 n= 140

NfL (pg/mL), median (IQR) 12.5 (7.7) 12.0 (6.8) 18.7 (15.1) <0.001

Aβ42 (pg/mL), median (IQR) 11.9 (3.7) 11.8 (3.7) 12.6 (4.3) 0.020

Aβ40 (pg/mL), median (IQR) 169.0 (56.2) 168.0 (54.4) 188.0 (66) <0.001

Total tau (pg/mL), median (IQR) 2.3 (1.2) 2.3 (1.2) 2.7 (1.5) <0.001

Aβ42/Aβ40 ratio (×1000), median (IQR) 69.8 (19.5) 70.3 (19.5) 65.4 (18.2) 0.011

(Continues)
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TABLE 1 (Continued)

Total sample All-cause dementia

Characteristicsa (n= 5704) No (n= 5402) Yes (n= 302) p-value

Serum cytokines (n= 1804) n= 1809 n= 1623 n= 186

IL-6 (pg/mL), median (IQR) 0.9 (0.7) 0.9 (0.7) 1.0 (1.0) <0.001

IL-8 (pg/mL), median (IQR) 18.1 (21.1) 18.1 (21.1) 18.6 (21.4) 0.836

TNF-α (pg/mL), median (IQR) 1.6 (0.7) 1.6 (0.7) 1.8 (0.9) <0.001

Notes: Data aremedian (IQR) or n (%).

Abbreviations:Aβ, amyloid-β; AD,Alzheimer’s disease;APOE, apolipoproteinE;CMDs, cardiometabolic diseases;CMM, cardiometabolicmultimorbidity; IL-6,

interleukin-6; IL-8, interleukin-8; IQR, interquartile range; NfL, neurofilament light chain; TNF-α, tumor necrosis factor-α.
aThe number of participants with missing values was 130 for occupation, two for smoking, one for alcohol drinking, 158 for physical inactivity, 208 for APOE
ε4 allele, 45 for hypertension, and 461 for severe depression. As a covariate in subsequent analyses, a dummy variablewas created for each of the categorical

variables to represent those withmissing values.
bCMM-I was defined as the concurrent presence of two ormore of the following three cardiometabolic diseases: type 2 diabetes, heart disease, and stroke.
cCMM-II was defined as the concurrent presence of two or more of the following four cardiometabolic diseases: visceral obesity, type 2 diabetes, heart

disease, and stroke.

TABLE 2 Associations of cardiometabolic multimorbidity with all-cause dementia, Alzheimer’s disease, and vascular dementia (n= 5704).

All-cause dementia Alzheimer’s disease Vascular dementia

Cardiometabolic multimorbidity No. of subjects n Odds ratio (95%CI)a n Odds ratio (95%CI)a n Odds ratio (95%CI)a

CMM-Ib

No. of CMDs (range 0-3) 5704 302 1.73 (1.47, 2.03)** 193 1.22 (0.99, 1.51) 98 3.11 (2.42, 4.00)**

Presence of CMM

No 5110 241 1.00 (reference) 171 1.00 (reference) 61 1.00 (reference)

Yes 594 61 2.44 (1.75, 3.41)** 22 1.27 (0.78, 2.06) 37 5.51 (3.45, 8.79)**

CMM-IIc

No. of CMDs (range 0-4) 5704 302 1.57 (1.37, 1.79)** 193 1.20 (1.01, 1.42)* 98 2.54 (2.07, 3.12)**

Presence of CMM

No 4600 197 1.00 (reference) 144 1.00 (reference) 45 1.00 (reference)

Yes 1104 105 2.53 (1.91, 3.36)** 49 1.53 (1.06, 2.20)* 53 6.12 (3.90, 9.61)**

Abbreviations: CI, confidence interval; CMDs, cardiometabolic diseases; CMM, cardiometabolic multimorbidity.
aOdds ratio (95% confidence interval) was adjusted for age, sex, education, occupation, smoking, alcohol drinking, physical inactivity, hypertension, severe

depression, and APOE ε4 allele when the CMM-II was the independent variable, and additionally adjusted for hyperlipidemia when CMM-I was the

independent variable.
bCMM-I was defined as the concurrent presence of two ormore of the following three cardiometabolic diseases: type 2 diabetes, heart disease, and stroke.
cCMM-II was defined as the concurrent presence of two or more of the following four cardiometabolic diseases: visceral obesity, type 2 diabetes, heart

disease, and stroke.

*p< 0.05.

**p< 0.001.

inflammatory cytokines, and (3) plasma NfL could partly mediate the

cross-sectional association of CMM-II with AD.

Previously, epidemiological studies have frequently linked indi-

vidual cardiovascular disorders (e.g., ischemic heart disease, atrial

fibrillation, and heart failure) with cognitive decline and dementia.38,39

Studies from the UK Biobank cohort11,13 and the Swedish SNAC-

K cohort12 have reported the association between CMM and an

increased risk of dementia. Different CMDswere includedwhen defin-

ing CMM in the previous studies.12,16,23,40 Thus, we defined CMM by

employing two definitions that were used in previously well-designed

studies.12,41 We were able to assess whether CMM defined by dif-

ferent definitions were differentially associated with dementias and

peripheral biomarkers. We found that CMM, defined by both defini-

tions, was associated with increased likelihoods of all-cause dementia,

andVaD in particular.Of note, CMMwas also evidently associatedwith

an increased likelihood of AD only when visceral obesity was included

in defining CMM (CMM-II), indicating importance of visceral obesity

in the association of CMMwith AD.42 In addition, we detected poten-

tial interactions of CMMwith sex on all-cause dementia and subtypes

of dementia such that the associations of CMMwith all-cause demen-

tia, AD, and VaD were stronger in men than in women. In line with

this finding, previous studies have reported stronger associations of
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F IGURE 2 Forest plot of the associations of cardiometabolic multimorbidity with all-cause dementia and subtypes of dementia by sex
(n= 5704). *n/N indicates the number of cases (all-cause dementia or subtypes of dementia)/the number of participants. aCMM-I was defined as
the concurrent presence of two ormore of the following three cardiometabolic diseases: type 2 diabetes, heart disease, and stroke. bCMM-II was
defined as the concurrent presence of two ormore of the following four cardiometabolic diseases: visceral obesity, type 2 diabetes, heart disease,
and stroke. Odds ratio (95% confidence interval) was adjusted for age, education, occupation, smoking, alcohol drinking, physical inactivity,
hypertension, severe depression, and APOE ε4 allele when the CMM-II was the independent variable, and additionally adjusted for hyperlipidemia
when CMM-I was the independent variable. APOE, apolipoprotein E; CMM, cardiometabolic multimorbidity.

TABLE 3 Associations between cardiometabolic multimorbidity and plasma Alzheimer’s biomarkers (n= 1439).

β coefficient (95% confidence interval)a, plasmaAlzheimer’s biomarkers

Cardiometabolic

multimorbidity

NfL (pg/mL),

log-transformed

Aβ40 (pg/mL),

log-transformed Aβ42 (pg/mL) Total tau (pg/mL)

Aβ42/Aβ40 ratio,
×1000

CMM-Ib

No. of CMDs (range 0-3) 0.064 (0.026, 0.102)*** 0.029 (0.010, 0.048)** 0.339 (0.110, 0.568)** −0.009 (−0.084, 0.066) −0.082 (−1.316, 1.153)

Presence of CMM 0.096 (0.005, 0.186)* 0.062 (0.018, 0.107)* 0.560 (0.020, 1.100)* −0.018 (−0.194, 0.159) −0.602 (−3.511, 2.308)

CMM-IIc

No. of CMDs (range 0-4) 0.052 (0.020, 0.084)** 0.035 (0.020, 0.051)*** 0.424 (0.235, 0.613)*** 0.013 (−0.049, 0.075) −0.004 (−1.029, 1.020)

Presence of CMM 0.119 (0.051, 0.187)*** 0.077 (0.043, 0.110)*** 0.895 (0.491, 1.299)*** 0.065 (−0.068, 0.197) −0.060 (−2.248, 2.128)

Abbreviations: Aβ, amyloid β protein; CMDs, cardiometabolic diseases; CMM, cardiometabolic multimorbidity; NfL, neurofilament light chain.
aβ coefficient (95% confidence interval) was adjusted for age, sex, education, occupation, smoking, alcohol drinking, physical inactivity, hypertension,

severe depression, and APOE ε4 allele when the CMM-II was the independent variable, and additionally adjusted for hyperlipidemia when CMM-I was the

independent variable.
bCMM-I was defined as the concurrent presence of two or more of the following three cardiometabolic diseases: type 2 diabetes, heart disease, and stroke.

Of the 1439 participants, 132 (9.2%) were definedwith CMM-I.
cCMM-II was defined as the concurrent presence of two or more of the following four cardiometabolic diseases: visceral obesity, type 2 diabetes, heart

disease, and stroke. Of the 1439 participants, 277 (19.2%) were definedwith CMM-II.

*p< 0.05.

**p< 0.01.

***p< 0.001.
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TABLE 4 Associations of cardiometabolic multimorbidity with serum cytokines and low-grade inflammation (n= 1809).

β coefficient (95% confidence interval), serum cytokinesa

Cardiometabolic

multimorbidity IL-6 (pg/mL)b IL-8 (pg/mL)b TNF-α (pg/mL)b
Low-grade inflammation,

composite score

CMM-Ic

No. of CMDs (range 0-3) 0.033 (−0.033, 0.100) −0.044 (−0.110, 0.023) 0.051 (−0.016, 0.117) 0.013 (−0.039, 0.065)

Presence of CMM 0.057 (−0.098, 0.211) −0.079 (−0.235, 0.076) 0.108 (−0.047, 0.263) 0.029 (−0.092, 0.149)

CMM-IId

No. of CMDs (range 0-4) 0.084 (0.029, 0.138)* −0.008 (−0.063, 0.048) 0.140 (0.086, 0.195)** 0.072 (0.029, 0.115)*

Presence of CMM 0.203 (0.084, 0.323)** −0.010 (−0.130, 0.110) 0.318 (0.198, 0.437)** 0.170 (0.077, 0.263)**

Abbreviations: CMDs, cardiometabolic diseases; CMM, cardiometabolicmultimorbidity; IL-6, interleukin-6; IL-8, interleukin-8; TNF-α, tumor necrosis factor-

α.
aβ coefficient (95% confidence interval) was adjusted for age, sex, education, occupation, smoking, alcohol drinking, physical inactivity, hypertension,

severe depression, and APOE ε4 allele when the CMM-II was the independent variable, and additionally adjusted for hyperlipidemia when CMM-I was the

independent variable.
bSerum IL-6, IL-8, and TNF-α were log-transformed to reduce skewness, and then converted to standard z-scores. The composite score for low-grade

inflammationwas generated by averaging z-scores of the three individual cytokines.
cCMM-I was defined as the concurrent presence of two or more of the following three cardiometabolic diseases: type 2 diabetes, heart disease, and stroke.

Of the 1809 participants, 182 (10.1%) were definedwith CMM-I.
dCMM-II was defined as the concurrent presence of two or more of the following four cardiometabolic diseases: visceral obesity, type 2 diabetes, heart

disease, and stroke. Of the 1809 participants, 351 (19.4%) were definedwith CMM-II.

*p< 0.01.

**p< 0.001.

F IGURE 3 Mediation effect of plasmaNfL in the association of
cardiometabolic multimorbidity with Alzheimer’s disease. aCMM-II
was defined as the concurrent presence of two ormore of the
following four cardiometabolic diseases: type 2 diabetes, heart
disease, stroke, and visceral obesity. bPlasmaNfL was log-transformed
due to skewed distribution of original data. The β coefficients (95%
confidence intervals) in all paths were adjusted for age, sex, education,
occupation, smoking, alcohol drinking, physical inactivity,
hypertension, severe depression, and APOE ε4 allele. AD, Alzheimer’s
disease; APOE, apolipoprotein E; CMM, cardiometabolic
multimorbidity; NfL, neurofilament light chain. *p< 0.05, ‡p< 0.001.

CMMpattern with reduced volumes of total brain tissue and graymat-

ter in men than in women,43 which might partially account for the

sex-specific differences in the association of CMM with dementia and

subtypes of dementia.

While cumulative evidence supports the association of CMM with

dementia, the underlying neuropathological mechanisms are not fully

understood. A large-scale case-control study suggested that AD

was associated with a reduced plasma Aβ42/Aβ40 ratio and ele-

vated plasma NfL.44 We observed that CMM was associated with

increased plasma Aβ40, Aβ42, and NfL. Because plasma Aβ is pre-

dominantly affected by blood-brain barrier (BBB) permeability in

AD-related brain regions,45 the association of CMM with increased

plasma Aβ could be attributed to CMM-related vascular injury, lead-

ing to increased BBB permeability and more leakage of Aβ into blood.

Plasma NfL is a biomarker of nonspecific neurodegeneration and

neuroaxonal injury. Higher serum NfL concentration has been asso-

ciated with covert MRI findings of vascular brain injury (e.g., burden

of white matter hyperintensities),46 which is in line with our find-

ing that CMM was associated with higher NfL. Moreover, we found

that plasma NfL, rather than Aβ40 or Aβ42, could partly mediate

the cross-sectional association of CMM with AD. These results were

in line with the report from the Mayo Clinic Study of Aging that

cardiometabolic disorders and multimorbidity were cross-sectionally

associated with decreased cortical thickness in AD signature regions

but not with amyloid accumulation in the brain,47 and the report from

the UK Biobank Study that CMM was associated with severe cere-

bral atrophy.13 Taken together, these studies support the view that

neurodegeneration may play a crucial role in linking CMM with AD in

older adults.

It has beenwell established that chronic low-grade systemic inflam-

mation (e.g., elevated serum IL-6 and TNF-α) is involved in atheroscle-
rosis and cardiovascular disease.48 Thus, it can be expected that CMM

is associated with increased serum cytokines (e.g., IL-6 and TNF-α).
However, the strong association of CMM with serum cytokines was

observedonlywhenvisceral obesitywasoneof the fourCMDs indefin-

ing CMM (i.e., CMM-II), but not with CMM-I where visceral obesity

was not included. Previous studies have shown that adipocytes can

synthesize proinflammatory cytokines (e.g., TNF-α, IL-6, and IL-1β),49

and that visceral adiposity ismoreproinflammatory than subcutaneous

abdominal adiposity.50 In addition, studies have suggested that chronic
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inflammation is a crucial event in the process of cognitive aging.51,52

The Swedish SNAC-K study showed that inflammation could confer

further risk of dementia associated with multimorbidity burden.53 We

additionally explored the potential role of inflammatory pathways in

the association of CMM and cognitive phenotypes. When control-

ling for multiple potential confounders, we did not find evidence for

the important mediation effect of inflammation in the cross-sectional

association of CMMwith dementia or subtypes of dementia.

This population-based study engaged older residents from a rural

area in China who had low socioeconomic status and who received

no or very limited formal education, and this sociodemographic group

has been substantially underrepresented in dementia research.15 In

addition, we were able to explore the potential mechanisms linking

CMM with dementia by integrating epidemiological and clinical data

with blood biomarker data in subsamples. However, our study also

has limitations. First, the cross-sectional design cannot determine a

causal relationship and the observed cross-sectional associations are

subject to selective survival bias and might represent a misestimation

of the true associations because individuals with CMDs or CMM, espe-

cially when concurrently occurring with dementia disorders, are less

likely to be included in the study owing to poor survival associated

with these health conditions. Furthermore, the cross-sectional design

of the study should also be taken into account when interpreting the

results from mediation analyses because they do not capture the tem-

poral sequences of the exposures, mediators, and outcomes. Second,

wewere not able to explore the role of tau pathology due to lack of rel-

evant plasma biomarkers (e.g., p-tau181 and p-tau217).54 Finally, this

study recruitedparticipants fromonlyone rural area in northernChina,

which should be kept in mind when generalizing the research findings

to other rural populations.

In conclusion, this population-based cross-sectional study showed

that CMM was associated with increased likelihood of all-cause

dementia and AD, and VaD in particular, among rural-dwelling older

adults. Our study further revealed that neurodegenerative pathway

played a part in the cross-sectional association of CMMwithAD. These

results increase our understanding of the association of CMM with

dementia, AD, and VaD in older adults and the potential underlying

neuropathologicalmechanisms. Future prospective cohort studiesmay

provide additional insights in the temporal association of CMM with

subsequent cognitive phenotypes, as well as the underlying mecha-

nisms. This is highly relevant for the development of preventive and

therapeutic interventions to promote cognitive health in aging and

delay the onset of dementia.
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