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Background and objectives: There is a scarcity of data stemming from large-
scale epidemiological longitudinal studies focusing on potentially preventable 
and controllable risk factors for Alzheimer’s disease (AD) and AD-related 
dementia (ADRD). This study aimed to examine the effect of multiple metabolic 
factors and cardiovascular disorders on the risk of cognitive decline and AD/
ADRD.

Methods: We analyzed a cohort of 6,440 participants aged 45–84  years at 
baseline. Multiple metabolic and cardiovascular disorder factors included 
the five components of the metabolic syndrome [waist circumference, high 
blood pressure (HBP), elevated glucose and triglyceride (TG) concentrations, 
and reduced high-density lipoprotein cholesterol (HDL-C) concentrations], 
C-reactive protein (CRP), fibrinogen, interleukin-6 (IL-6), factor VIII, D-dimer, 
and homocysteine concentrations, carotid intimal-medial thickness (CIMT), and 
urine albumin-to-creatinine ratio (ACR). Cognitive decline was defined using 
the Cognitive Abilities Screening Instrument (CASI) score, and AD/ADRD cases 
were classified using clinical diagnoses.

Results: Over an average follow-up period of 13  years, HBP and elevated 
glucose, CRP, homocysteine, IL-6, and ACR concentrations were significantly 
associated with the risk of mortality in the individuals with incident AD/ADRD or 
cognitive decline. Elevated D-dimer and homocysteine concentrations, as well 
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as elevated ACR were significantly associated with incident AD/ADRD. Elevated 
homocysteine and ACR were significantly associated with cognitive decline. A 
dose–response association was observed, indicating that an increased number 
of exposures to multiple risk factors corresponded to a higher risk of mortality 
in individuals with cognitive decline or with AD/ADRD.

Conclusion: Findings from our study reaffirm the significance of preventable 
and controllable factors, including HBP, hyperglycemia, elevated CRP, D-dimer, 
and homocysteine concentrations, as well as, ACR, as potential risk factors for 
cognitive decline and AD/ADRD.

KEYWORDS

Multiple biomarkers, metabolic and vascular disorders, association analysis, risk of 
cognitive decline, Alzheimer’s disease

Introduction

Alzheimer’s disease (AD) and AD-related dementias (AD/ADRD) 
are intricate neurological disorders that have a profound impact on 
millions of Americans, presenting some of the most significant 
healthcare challenges of the twenty-first century. In the United States 
(US), it was estimated that approximately 6.2 million adults aged 
65 years and above were living with AD/ADRD in 2021, with 
projections indicating a staggering increase to approximately 14 
million by the year 2060 (Tahami Monfared et  al., 2022). The 
pathogenesis of AD/ADRD involves a complex interplay of various 
factors. Individuals experiencing cognitive decline (a precursor to 
dementia) and AD/ADRD exhibit a range of physiological alterations, 
including dysglycemia, dyslipidemia, endothelial dysfunction, 
vascular disorders, and chronic inflammation (Tahami Monfared 
et al., 2022). Despite these physiological alterations, the majority of 
researchers have primarily concentrated on genetics and protein 
concentrations, with limited attention given to applied epidemiological 
studies that target preventable risk factors. For example, a significant 
number of studies have examined possible dementia risk factors using 
magnetic resonance imaging (MRI) to detect focal signal 
abnormalities. However, this method has been mostly applied for 
diagnosing AD at the dementia stage and it is less effective in detecting 
the early stages of cognitive impairment and dementia (Hojjati et al., 
2018). Several other potential predictors have been utilized to examine 
the risk of cognitive impairment and dementia. These predictors 
include the presence of apolipoprotein E (APOE ε4), the Mini-Mental 
State Examination score, the AD assessment scale-cognitive subscale 
(ADAS-cog), and the functional assessment questionnaire (FAQ) 
score (Weiner et al., 2010; Landau et al., 2011; Lee et al., 2014; Woolf 
et al., 2016; Kueper et al., 2018; Fayosse et al., 2020; Arevalo-Rodriguez 
et al., 2021; Chen et al., 2022). Unfortunately, while various studies 
were conducted on independent cohorts, the generalizability of their 
findings has been limited by small sample sizes (Woolf et al., 2016; 
Kueper et al., 2018; Arevalo-Rodriguez et al., 2021; Chen et al., 2022). 
Several studies have found a positive relationship between midlife 
vascular risk factors (i.e., high blood pressure (HBP), dyslipidemia, 
and hyperglycemia) and the risk of cognitive impairment and AD/
ADRD (Zlokovic et al., 2020; Adkins-Jackson and Belsky, 2022). The 
potential pathophysiology of this association is supported by findings, 
suggesting that increased blood pressure, blood dyslipidemia, and 
hyperglycemia in midlife may trigger and perpetuate chronic brain 
inflammation. This aspect, in turn, could heighten the risk of brain 
amyloid β and tau pathology, ultimately leading to an elevated risk of 

AD and dementia (Pietrzik and Jaeger, 2008; Taguchi, 2009; Waldstein 
and Wendell, 2010; Correia et al., 2012; Nägga et al., 2018; Fayosse 
et  al., 2020). A few studies examined the associations between 
cognitive function and AD/ADRD with inflammatory markers 
(assessed using serum CRP, fibrinogen, interleukin-6 (IL-6), and 
homocysteine), D-dimer (a marker of fibrinolysis), factor VIII (related 
to arterial thrombosis) (Carcaillon et al., 2009; Yan et al., 2010; Rubio-
Perez and Morillas-Ruiz, 2012; Simon et  al., 2018; Lauriola et  al., 
2021), and the albumin-to- creatinine ratio (a marker of kidney 
function) (Bikbov et al., 2022). Nevertheless, several research gaps 
persist: (1) Inconsistent findings have been observed from previous 
studies, potentially due to the heterogeneous nature of study samples 
across different studies (Brainerd et al., 2013; Gupta et al., 2019; Liu 
et  al., 2021b). (2) Limited biomarkers were included in previous 
studies, leading to biases stemming from missed opportunities to 
assess important biomarkers. (3) There is a scarcity of data from large-
scale epidemiological longitudinal studies involving diverse ethnic 
populations. Our research aims to address this gap by analyzing data 
from the Multiethnic Study of Atherosclerosis (MESA). Our central 
research question is whether metabolic disorders, as assessed by the 
five components of metabolic syndrome (MetSyn) (waist 
circumference (WC), HBP, elevated glucose and triglyceride (TG) 
concentrations, and decreased HDL-C concentrations) and eight 
other biomarkers measured from blood and urine samples, are 
significantly associated with the risk of cognitive decline, incident AD/
ADRD, and AD/ADRD-related mortality. We focused on the most 
measurable factors typically encountered in primary healthcare 
settings to examine their association between cognitive decline and 
the risk of AD/ADRD. The findings from our research are expected 
not only to underscore the importance of addressing multiple 
preventable and treatable risk factors in controlling cognitive decline 
and AD/ADRD at the population level but also to pave the way for 
further etiological studies. These insights will contribute to the 
development of more robust risk prediction models and further our 
understanding of the risk of AD/ADRD.

Methods

Study design and study population

MESA is an ongoing cohort study that begun in 2000, investigating 
the characteristics of subclinical atherosclerosis and the determinants 
of cardiovascular diseases (CVDs). Its design has been described 
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previously (Center MC, 2001; Bild et al., 2002; Liu et al., 2009). In 
brief, the MESA cohort comprises a population-based sample of 6,814 
men and women aged 45–84 years at baseline. All participants were 
free of clinical CVD at baseline and were recruited from six US 
communities (Forsyth County, NC; Northern Manhattan and the 
Bronx, NY; Baltimore City and Baltimore County, MD; St. Paul, MN; 
Chicago, IL; and Los Angeles, CA) (Bild et  al., 2002; NHLBI 
BioLINCC, 2022). The MESA cohort participants were 38% white, 
28% African American, 22% Hispanic, and 12% Chinese. People with 
a history of physician-diagnosed myocardial infarction, angina, heart 
failure, stroke, or transient ischemic attack, or who had undergone an 
invasive procedure for CVD (coronary artery bypass graft surgery, 
angioplasty, valve replacement, pacemaker placement, or other 
vascular surgeries), were excluded from this study (Bild et al., 2002; 
Yeboah et al., 2011). This study was approved by the institutional 
review boards of all collaborating institutions and the National Heart, 
Lung, and Blood Institute (NHLBI), and all participants provided 
signed informed consent (Yoneyama et al., 2012). Since MESA started 
in 2000, six repeated examinations (exams 1–6) have been conducted 
from 2000 to 2018. In our study, we  analyzed MESA exams 1–5 
because exam 6 was not ready and was not released by the NHLBI for 
analysis when we developed our study. We obtained the de-identified 
MESA data from the NHLBI Biologic Specimen and Data Repository 
Information Coordinating Center (NHLBI-BioLINCC, RMDA V02 
1d20120806). We  obtained approval from Drexel University 
Institutional Review Board (#2208009381 and #2308010042). MESA 
exams 1–5 were conducted from July 2000 to August 2002 (baseline, 
exam 1), September 2002 to February 2004 (exam 2), March 2004 to 
September 2005 (exam 3), September 2005 to Mach 2007 (exam 4), 
and April 2010 to December 2012 (exam 5), respectively. Combining 
exams 1–5 provides follow-up data through 31 December 2012 for 
cardiovascular and non-cardiovascular events and through 31 
December 2015 for cause-specific mortality. Out of the 6,814 
participants included at baseline, we excluded 346 who had missing 
values for the measures of the five components of MetSyn (WC, HBP, 
elevated serum glucose, TG concentrations, and decreased HDL-C 
concentrations) and eight biomarkers [serum C-reactive protein 
(CRP), fibrinogen, IL-6, D-dimer, homocysteine concentrations, 
carotid intimal-medial thickness (CIMT), and urine albumin-to-
creatinine ratio (ACR)]. We also excluded eight participants who had 
a clinical diagnosis of AD (assessed by taking medication for AD) and 
also 20 participants who had not participated in the follow-up or had 
missed follow-up days. Our final analyses included 6,440 participants 
(3,040 men and 3,400 women, representing 95% of the original 
cohort participants).

Assessment of exposures: Body mass index (BMI, kg/m2) is 
calculated as weight (kg) divided by height squared (meters). WC was 
measured using a standard flexible, tension-regulated tape measure. 
Systolic/diastolic blood pressure (SBP/DBP) was measured using an 
automated monitor following a 5-min rest period, with the last two 
out of three readings averaged and recorded. At each clinic setting, 
fasting (8–12 h) blood samples were collected from participants and 
shipped to the MESA central laboratory to measure all the blood 
factors using standardized protocols (Center MC, 2001; Bild et al., 
2002). Total cholesterol and HDL-C were measured from blood 
samples obtained following a 12-h fast. Low-density lipoprotein 
cholesterol levels were estimated using the Friedewald equation 
(Friedewald et al., 1972). Fasting blood glucose (serum) levels were 

measured using the glucose oxidase method on the Vitros analyzer 
(Johnson & Johnson Clinical Diagnostics, Rochester, New  York) 
(Yeboah et al., 2011). To define MetSyn, the five MetSyn component 
cutoff values utilize the modified criteria developed by the American 
Heart Association, the American Diabetes Association, and the Adults 
Treatment Panel (ATP) III (Grundy, 2005; Aronow, 2006; Liu et al., 
2009, 2014; Inzucchi et al., 2015; American Diabetes Association, 
2016). Individuals with MetSyn were classified based on the presence 
of three or more of the five components: (1) large WC: WC >102 cm 
in male participants and > 88 cm in female participants, or 
BMI ≥ 30 kg/m2; (2) elevated BP: SBP ≥130 or DBP ≥85 mmHg or 
anti-hypertensive medication use; (3) elevated TG ≥150 mg/dL; (4) 
elevated glucose: fasting glucose ≥100 mg/dL or use of glucose-
lowering medications; and (5) low level of HDL <40 mg/dL in male 
participants and HDL <50 mg/dL in female participants.

We further examined the associations by including a group of 
biomarkers in our analysis. These biomarkers were selected because 
they have been considered emerging or potential risk factors for AD/
ADRD. In the study, we included following eight biomarkers: (1) CRP 
(a marker of inflammation) measured by a high-sensitivity assay 
(N-high-sensitivity CRP), (2) fibrinogen (a marker of inflammation, 
which also plays a critical role in the hemostatic process) measured 
using immunoprecipitation of fibrinogen antigen using the BNII 
nephelometer (Dade Behring Inc., Deerfield, Illinois) (Yan et al., 2010), 
(3) interleukin-6 (an inflammatory interleukin and a marker of 
immune system activation) measured using ultra-sensitive ELISA 
(Quantikine HS Human IL-6 Immunoassay; R&D Systems, 
Minneapolis MN) (Simon et al., 2018), (4) Factor VIII (high factor VIII 
concentrations are associated with arterial thrombosis) measured 
utilizing the Sta-R analyzer (STA-Deficient VIII; Diagnostica Stago, 
Parsippany, NJ), (5) D-dimer (a marker of fibrinolysis and fibrin 
turnover) measured using an immunoturbidimetric method on the 
Sta-R analyzer (Liatest D-DI; Diagnostica Stago) (Folsom et al., 2009), 
(6) homocysteine (a marker of inflammation and vitamin B12 and 
folate status) measured using high-performance liquid chromatography 
(Karger et al., 2020), (7) common CIMT (a marker of structural and 
functional vessel wall properties) measured using B-model 
ultrasonography (O'Leary et al., 1991), and (8) urine ACR measured 
using the Vitros 950IRC instrument (Johnson & Johnson Clinical 
Diagnostics Inc.) (Yu et  al., 2011). To have a consistent analysis 
approach with the five dichotomized MetSyn components, 
we categorized the other eight markers as binary variables. Elevated 
CRP was defined as those with CRP ≥3 mg/L and elevated 
homocysteine ≥12 μmol/L on the basis of previous studies (Oda et al., 
2006; Castañon et  al., 2007). The remaining six biomarkers were 
classified according to their 75th or higher than 75th percentile cutoffs 
(specifically, quartile 4): fibrinogen ≥384 (mg/mL), IL-6 ≥ 1.76 (pg/
mL), factor VIII ≥ 199 (%), D-dimer ≥0.34 (μg/mL), CIMT score ≥ 0.95 
(mm), and urinary albumin-to-creatinine ratio ≥ 10.0 (mg/g).

Outcomes: Three groups of outcomes were included in the study: 
(1) Cognitive decline: Cognitive function was evaluated during the 
fifth MESA follow-up (2010–2012), using the Cognitive Abilities 
Screening Instrument (CASI, version 2). It should be noted that to 
assess cognitive impairment and dementia, various instruments have 
been utilized. The CASI is one of the most commonly used tools to 
assess overall cognitive function in people at the risk of dementia. The 
CASI was designed based on symptoms diagnosed as dementia and 
three cognitive screening tools, such as the Mini-Mental State 
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Examination, the Modified Mini-Mental State Test, and the Hasegawa 
Dementia Screening Scale. The CASI offers two significant advantages: 
first, it evaluates overall cognitive function with nine dimensions, 
providing comprehensive cognitive portraits and second, it 
demonstrates cross-cultural application in measuring global cognitive 
function and the risk of dementia (Teng et al., 1994; Fitzpatrick et al., 
2015; Chiu et  al., 2021). In brief, the CASI includes 25 items 
representing 9 cognitive domains: attention, concentration, 
orientation, language, verbal fluency, visual construction, abstraction/
judgment, and short- and long-term memory. The CASI score ranges 
from 0 to 100, with a lower score indicating worse performance (Teng 
et al., 1994). In the study, we classified cognitive decline as individuals 
with a CASI score in the lowest 25th percentile of the score 
distribution. In MESA exam 5, participants with a history of AD/
ADRD were excluded while measuring cognitive function. It should 
be noted that there was no cognitive function evaluation prior to 
MESA exam 5. Therefore, incident cognitive decline cannot 
be determined in the study. Out of 4,493 participants who returned 
for exam 5  in the study sample (i.e., participants without missing 
values of the study exposures), 4,379 participants completed the CASI 
test (97% of those returning participants). (2) AD/ADRD: In the 
MESA study, all cognitive and clinical data were assessed by a 
convened consensus conference of clinicians (e.g., neurologists, 
neuropsychologists, and geriatric psychiatrists, geriatricians) 
experienced in the adjudication of AD/ADRD. The National Institute 
on Aging (NIA)—Alzheimer’s Association criteria were used to 
identify AD/ADRD (Albert et al., 2011; McKhann et al., 2011; Hirsch 
et al., 2022). Hospitalized patients with AD/ADRD were classified 
using International Classification of Diseases (ICD) codes (ICD-9: 
290, 290.1, 290.10-13, 290.2, 290.20-21, 2,903, 2,904, 290.40-43, 
290.8-9, 293, 294.1, 331.0, and 331.1). We further classified incident 
AD for patients who reported taking acetylcholine esterase inhibitors 
for AD treatment (with the exclusion of baseline AD). (3) Mortality: 
AD/ADRD-associated death was classified in individuals with a 
history of incident AD/ADRD or cognitive decline.

Covariates: Several demographic, socioeconomic, and lifestyle 
factors that were measured in MESA exam 1 (baseline survey) were 
included in the analysis: age, sex, race/ethnicity, education (an 
indicator of socioeconomic status), smoking, physical activity, and 
alcohol consumption status. Race/ethnicity was categorized as white, 
black, or African American, Hispanic/Latino, and Chinese-American. 
Education was grouped as ≤ high school, some college or associate 
degree, and completed college or higher. Smoking was categorized as 
never, former, and current smokers (Bild et al., 2002). Physical activity 
was categorized into two groups (regular and non-regular activity). 
Alcohol consumption was categorized into three groups: (1) never: for 
those who answered “No” to the question “have you ever consumed 
alcoholic beverage?”; (2) former: for those who answered “Yes” to the 
question, “have you ever consumed alcoholic beverage?” and who 
does not presently drink alcoholic beverages; and (3) current drinkers: 
for those who reported “they presently drink alcoholic beverages.”

Statistical analysis

A series of analyses were conducted. First, we  described the 
baseline characteristics of participants based on their incident AD/
ADRD status. We used Student’s t-tests to examine differences in 

continuous variables and chi-squared tests in categorical variables. 
Second, we tested the cross-association of MetSyn and its components, 
and other elevated biomarkers associated with cognitive decline 
(defined as low cognitive function, not a change—specifically, those 
with a CASI score in the lowest 25th percentile at the measures of 
MESA exam 5) using the logistic regression analysis. Third, 
we estimated the hazard ratios (HRs) of MetSyn, its components, and 
other eight markers for the risk of incident AD/ADRD and mortality 
in individuals with incident AD/ADRD or cognitive decline using Cox 
proportional hazard (PH) regression models. We examined the Cox 
PH assumption using a transformation of the Schoenfeld residuals 
known as the empirical score process, performed via the SAS Proc 
PHREG/assess PH/resample approach.

All data analyses were conducted using SAS 9.4/STAT 14.2 (SAS 
Institute Inc., Cary, NC, United States) (SAS Institute Inc., 2014). The 
reported p-values are two-sided, and the significance level was set 
at 0.05.

Results

Baseline characteristics of the study 
participants by incident AD/ADRD status

Table  1 shows that subjects with incident AD/ADRD had a 
significantly higher mean age than those without AD/ADRD (73.8 vs. 
61.8 years older, p < 0.001). Subjects with incident AD/ADRD had 
significantly lower mean CASI scores, lower mean BMI, higher systolic 
blood pressure (SBP), and higher glucose concentrations than those 
without incident AD/ADRD. Among the categorical factors, subjects 
with incident AD/ADRD had a higher proportion of those with lower 
education attainment (less than high school), a higher proportion of 
those with never drinking, and a higher proportion of elevated 
fibrinogen, factor VIII, D-dimer, homocysteine concentrations, CIMT 
score, and ACR than those without AD/ADRD.

Cross-sectional association between risk 
factors and cognitive decline

Table 2 shows that after adjustment for age and sex (Model 
1), MetSyn was significantly associated with the odds of cognitive 
decline (OR = 1.32, 95%CI: 1.14–1.53). Among the individual 
factors, HBP, elevated TG, low high-density lipoprotein (HDL), 
elevated glucose, fibrinogen, factor VIII, D-dimer, and 
homocysteine concentrations, as well as ACR were significantly 
associated with cognitive decline (Model 1). However, after 
further adjustment by including race/ethnicity, education, and 
lifestyle factors (Model 2, the full-adjusted model), this MetSyn–
cognitive decline association became non-significant (OR = 1.00, 
95% CI: 0.85–1.18). Similar to this observation, Model 2 indicated 
that only elevated homocysteine concentrations and ACR 
remained significantly associated with increased odds of 
cognitive decline (OR = 1.19, 95%CI: 1.06–1.69 for homocysteine, 
and OR = 1.24, 95% CI: 1.03–1.48 for ACR). Given this significant 
change in the ORs of MetSyn associated with cognitive decline 
from Model 1 to Model 2, we  further investigated the main 
factors contributing to this change by conducting two subset 
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TABLE 1 Baseline characteristics of the participants by incident Alzheimer’s disease (AD) and AD-related dementia (ADRD).

Non-AD/ADRD (n  =  6,298) AD/ADRD (n  =  142)

Mean or no. SD or % No, mean %, SD p-value

Continuous variables, mean, SD

Age, years 61.8 10.1 73.8 6.4 <0.001

CASI, cognitive score* 87.1 11.2 70.4 22.3 <0.001

Body mass index, kg/m2 28.3 5.4 27.0 5.0 0.004

Waist circumference, cm 98.0 14.3 97.3 13.3 0.59

Systolic BP, mm Hg 126.2 21.3 136.5 25.1 <0.001

Diastolic BP mm Hg 71.9 10.3 72.2 10.6 0.70

Triglyceride, mg/dL 50.9 14.7 52.5 15.5 0.20

HDL-C, mg/dL 131.6 87.0 130.2 94.7 0.85

Glucose, mg/dL 97.2 30.2 103.4 35.3 0.016

Categorical var., no, %

MetSyn, yes 2259 35.9 52 36.6 0.85

Sex, males 2964 47.1 76 53.5 0.12

Race/ethnicity 0.87

White 2449 38.9 58 40.8

Chinese 769 12.2 15 10.6

African American 1699 27.0 37 26.1

Hispanics 1381 21.9 32 22.5

Education 0.002

<High school 1116 17.8 42 29.6

High school 1140 18.2 25 17.6

Some college 1781 28.4 32 22.5

College and higher 2242 35.7 43 30.3

Smoking 0.15

Never smoked 4781 75.9 114 80.3

Ex-smokers 561 8.9 13 9.2

Current smokers 956 15.2 15 10.6

Physical activity

Regular 1582 25.2 27 19.0 0.09

Alcohol consumption 0.005

Never use 1277 20.3 41 28.9

Former use 1505 24.0 37 26.1

Current use 3498 55.7 64 45.1

Elevated biomarkers

CRP, mg/L 2240 35.6 42 29.6 0.14

Fibrinogen, mg/dL 1568 24.9 46 32.4 0.042

Interleukin-6, pg/mL 1572 25.0 36 25.4 0.92

Factor VIII, % 1590 25.2 49 34.5 0.01

D-dimer (μg/mL) 1567 24.9 69 48.6 <0.001

Homocysteine, μmol/L 838 13.3 45 31.7 <0.001

CIMT, mm 1604 25.5 69 48.6 <0.001

Album/Cre ratio, mg/g 1559 24.8 58 40.8 <0.001

AD/ADRD, Alzheimer's disease/AD-related dementia; CASI, Cognitive Abilities Screening Instrument, measured in MESA exam 5 (n = 4,379); HDL-C, High-density lipoprotein cholesterol; 
CRP, C-reactive protein; CIMT, Carotid intimal-medial thickness; Album/Cre ratio, urinary albumin-to-creatinine ratio. See text for details of biomarkers cutoff values. Significant difference: p 
< 0.05 in bold.
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analyses with adjusting for race/ethnicity and education in a step-
by-step entry approach in Model 1b and Model 1c. The results 
demonstrated that after adjusting for age, sex, and race/ethnicity 
(Model 1b of Figure 1 and Supplementary Table S1), the OR (95% 
CI) of MetSyn-associated cognitive decline attenuated to 1.11 
(0.95–1.30, p = 0.18), indicating a 64.9% of the OR reduction 
from Model 1 to Model 1b [estimated by (OR1-OR2)/(OR1-
1)*100]. After further adjustment for education, the ORs 
attenuated to 1.02 (95% CI: 0.86–1.19, p = 0.86, Model 1c of 
Figure 1 and Supplementary Table S1). Among these adjusted 
covariates, the results show that age, race/ethnicity, education, 
and alcohol consumption status are significantly associated with 
cognitive decline (Supplementary Table S1).

Longitudinal association of MetSyn and 
biomarkers with risk of incident ADRD

Among 6,440 participants at baseline, followed-up by the end 
of 2015 (a total of 45,608 person-years follow-up), 142 
participants were classified as incident AD/ADRD. Table 3 shows 
that, after adjustment for age and sex (Model 1) and a full 
adjustment for multiple covariates (Model 2), baseline MetSyn 
and its components were not independently associated with the 
risk of incident AD/ADRD. Elevated blood D-dimer 
concentrations had a borderline significance for the risk of incent 
AD/ADRD (p = 0.048). Elevated homocysteine concentrations 
and urine ACR were significantly associated with the risk of 
incident AD/ADRD (p = 0.005  in elevated homocysteine 
concentrations and p = 0.038 in elevated ACR).

Longitudinal association of MetSyn and 
biomarkers with all-cause mortality in 
those with incident AD/ADRD or cognitive 
decline

Among 6,440 participants in MESA exam 1, 5448 were 
followed-up by the end of 2015 (a total of 83,942 person-years 
follow-up), with valid follow-up information. 210 all-cause deaths 
were observed. Within this group, 83 of the deaths were among the 
142 individuals who had incident AD/ADRD (a death rate of 58.5%). 
The remaining 127 deaths were among the 1,066 individuals who had 
cognitive decline but had not yet developed AD/ADRD (a death rate 
of 11.9%). Table 4 shows that after adjustment for multiple covariates 
(Model 2), HBP, elevated glucose, CRP, IL-6, D-dimer, and 
homocysteine concentrations, as well as urine ACR were significantly 
associated with all-cause mortality in those with AD/ADRD or 
cognitive decline (p < 0.05 or p < 0.001). Figure 2A shows that among 
the 210 all-cause deaths who had a history of AD/ADRD or cognitive 
decline, 31% of them died from CVD (15.7% from coronary heart 
disease, 5.7% from stroke, and 9.5% from other forms of heart 
disease), and 64.3% from non- CVD. Figure 2B depicts the risk trend 
of exposures to an increased number of the study risk factors 
associated with all-cause mortality in those with AD/ADRD or 
cognitive decline compared to their corresponding counterparts.

Discussion

AD and ADRD have emerged as significant public health concerns 
in the USA and globally. Historically, AD/ADRD was predominantly 

TABLE 2 Adjusted odds ratios [ORs, 95% confidence intervals (CIs)] for cognitive decline associated with metabolic syndrome, its components, and 
multiple biomarkers.

Model 1 Model 2

OR (95% CI) p-value OR (95% CI) p-value

MetSyn (yes vs. no) 1.32 (1.14–1.53) <0.001 1.00 (0.85–1.18) 0.99

MetSyn components

Large WC 1.07 (0.93–1.24) 0.34 0.87 (0.74–1.03) 0.11

HBP 1.35 (1.17–1.56) <0.001 1.14 (0.97–1.34) 0.12

Elevated TG 1.19 (1.02–1.38) 0.026 0.99 (0.83–1.17) 0.86

Low HDL-C 1.24 (1.07–1.44) 0.004 0.97 (0.83–1.15) 0.75

Elevated Glucose 1.58 (1.35–1.86) <0.001 1.13 (0.95–1.35) 0.18

Elevated biomarkers

C-reactive protein 0.98 (0.83–1.16) 0.81 0.84 (0.75–1.05) 0.16

Fibrinogen 1.19 (1.01–1.40) 0.043 0.94 (0.79–1.13) 0.51

Interleukin-6 1.08 (0.91–1.28) 0.36 0.92 (0.77–1.11) 0.39

Factor VIII 1.20 (1.02–1.41) 0.028 1.16 (0.97–1.39) 0.11

D-dimer 1.25 (1.06–1.47) 0.009 1.13 (0.94–1.35) 0.20

Homocysteine 1.22 (1.03–1.44) 0.019 1.19 (1.06–1.69) 0.019

CIMT 1.11 (0.93–1.31) 0.25 1.08 (0.89–1.30) 0.45

Album/Cre ratio 1.47 (1.24–1.73) <0.001 1.24 (1.03–1.48) 0.021

MetSyn, Cardiometabolic syndrome; WC, Waist circumference; HBP, High blood pressure; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; CIMT, carotid intimal-medial 
thickness; Album/Cre, urine albumin-to-creatinine ratio; Model 1, Adjusted age and sex; Model 2, Adjusted for age, sex, race, education, smoking, physical activity, and alcohol consumption. 
Significant difference: p < 0.05 in bold.
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approached and studied within the realm of genetics. However, recent 
research, including our earlier reports, has revealed several potential 
factors that are both preventable and treatable, such as HBP (Liu et al., 
2022), dyslipidemia, dysglycemia (Liu et al., 2021a,c), elevated fibrinogen 
(Lauriola et al., 2021), and elevated homocysteine (Kim et al., 2019), that 
contribute to the development of AD/ADRD. In the present study, 
we explored the association between various risk factors and the risk of 
AD/ADRD mortality over an average follow-up period of 13 years. 
Among 13 factors included in this study, HBP, elevated glucose, CRP, 
homocysteine, IL-6, and elevated urine ACR were significantly associated 
with the risk of all-cause mortality in those with incident AD/ADRD or 

cognitive decline. Meanwhile, our results indicate that elevated D-dimer 
and homocysteine concentrations and ACR were significantly associated 
with incident AD/ADRD. Elevated homocysteine concentrations and 
ACR were also significantly associated with cognitive decline. 
Additionally, our research unveiled a dose–response association, 
demonstrating that an increased number of exposures to these risk factors 
corresponded to a higher risk of all-cause mortality in those with AD/
ADRD or cognitive decline. Our comprehensive analyses shed light on 
the intricate web of factors influencing AD/ADRD and underscore the 
importance of addressing preventable and modifiable elements in the 
prevention and treatment of these conditions.

In our study, we conducted a cross-sectional analysis to examine 
the association between MetSyn and biomarkers with the risk of 
cognitive decline. This approach was necessitated by the absence of a 
baseline measure of cognitive function prior to MESA exam 5. Our 
findings, as shown in the age–sex-adjusted model (Model 1 of Table 2), 
demonstrated a significant association between MetSyn, several 
MetSyn components, and biomarkers with the risk of cognitive decline. 
However, many of these associations lost significance after further 
adjustment for race/ethnicity, education, and lifestyle factors (smoking, 
physical activity, and alcohol consumption). These results indicate that 
multiple variables, particularly those related to demographics (age, sex, 
and race/ethnicity), education, and lifestyle factors, play a strong role 
in influencing the association between MetSyn and cognitive decline. 
In our previous studies, we have demonstrated that race/ethnicity, 
education, and lifestyle-related factors (i.e., obesity and smoking) are 
significantly associated with the risk of MetSyn (Liu et al., 2012, 2014, 
2020). Given that our current study focuses on investigating the 

TABLE 3 Adjusted hazard ratios (HRs, 95%CI) of MetSyn, its components, and biomarkers associated with incident AD/ADRD.

Model 1 Model 2

Case/person-yrs. 142/45,608 person-yrs. 142/45,608 person-yrs.

HRs of risk factors HR (95%CI) p-value HR (95%CI) p-value

MetSyn (yes vs. no) 0.99 (0.70–1.41) 0.96 0.94 (0.66–1.33) 0.72

MetSyn components

Large WC 0.85 (0.60–1.21) 0.37 0.82 (0.57–1.16) 0.25

HBP 1.13 (0.77–1.66) 0.52 1.10 (0.75–1.61) 0.63

Elevated TG 0.97 (0.67–1.40) 0.87 0.95 (0.65–1.38) 0.77

Low HDL-C 0.95 (0.66–1.36) 0.78 0.89 (0.61–1.29) 0.53

Elevated glucose 1.27 (0.90–1.81) 0.17 1.21 (0.85–1.73) 0.30

Elevated biomarkers

C-reactive protein 0.85 (0.59–1.23) 0.39 0.83 (0.57–1.22) 0.34

Fibrinogen 1.20 (0.84–1.73) 0.31 1.16 (0.81–1.67) 0.41

Interleukin-6 0.86 (0.59–1.26) 0.45 0.84 (0.58–1.22) 0.36

Factor VIII 1.23 (0.86–1.75) 0.26 1.23 (0.85–1.76) 0.27

D-dimer 1.42 (1.01–1.98) 0.043 1.41 (1.00–1.99) 0.048

Homocysteine 1.79 (1.21–2.65) 0.004 1.76 (1.18–2.60) 0.005

CIMT 1.18 (0.84–1.67) 0.34 1.19 (0.84–1.68) 0.32

Album/Cre ratio 1.48 (1.05–2.08) 0.025 1.44 (1.02–2.03) 0.038

HR, Hazard ratios are estimated using Cox's models to test time-to-event risk; WC, Waist circumference; HBP, High blood pressure; TG, Triglyceride; HDL-C, High-density lipoprotein 
cholesterol; CIMT, Carotid intimal-medial thickness; Album/Cre ratio, Urine albumin-to-creatinine ratio; Model 1, Adjusted age and sex; Model 2, Adjusted for age, sex, race, education, 
smoking, physical activity, and alcohol consumption. Significant difference: p < 0.05 in bold.

FIGURE 1

Changes in ORs of MetSyn associated with cognitive decline, when 
adjusting for age–sex (Model 1), plus race (Model 1b), plus education 
(Model 1c), and full-adjusted (Model 2).
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associations of metabolic disorders and biomarkers with the risk of 
cognitive decline and AD/ADRD, we incorporated these covariates 
(demographic, education, and lifestyle factors) as confounders instead 
of predictors in the analyses. It is essential to note that, even after 
adjusting for demographics, socioeconomic status (assessed by 
educational level), and lifestyle factors, elevated homocysteine 
concentrations and ACR remained independently and significantly 
associated with the risk of cognitive impairment.

Several studies have examined the relationship between elevated 
blood homocysteine concentrations and the risk of cognitive decline, 
with varying results. While some researchers have reported a 
significant association (Smith and Refsum, 2016; Kim et al., 2019; 
Lauriola et al., 2021), not all have yielded the same conclusions (Reitz 
et al., 2009). For example, Lauriola et al. conducted a study involving 
929 participants aged 60–93 years, including individuals with mild 
cognitive impairment (MCI, n = 126) and those without MCI (n = 803). 
Their findings revealed a significant association between elevated 
homocysteine concentrations and increased odds of MCI, possible 
AD, and vascular AD (p < 0.01) (Lauriola et al., 2021). In contrast, 
Reitz et al. analyzed a cohort sample of 516 participants, with a mean 
age of 77 years, who did not have MCI or dementia at baseline. Over 
a 5.2-year follow-up period, the researchers found no significant 
association between blood homocysteine concentrations and the risk 
of MCI (Reitz et  al., 2009). These discrepancies in findings may 
be attributed to differences in study populations or the relatively small 
sample size in the study conducted by Reitz et al. Nevertheless, the 
inconsistent results emphasize the need for further in-depth 
investigations into these associations.

The association between an elevated ACR and the risk of cognitive 
decline and AD/ADRD has also been observed by others (Bikbov 
et al., 2022). Although the precise mechanisms by which elevated 
homocysteine concentrations and ACR may contribute to the 
development of cognitive decline and AD/ADRD remain incompletely 
understood, there are several potential risk pathways to consider. 
These may include HBP, inflammation, and kidney dysfunction 
(assessed by ACR), all of which could lead to brain hypoxia, 
endothelial damage, and injuries (Rubio-Perez and Morillas-Ruiz, 
2012; Smith and Refsum, 2016; Kim et al., 2019; Lauriola et al., 2021; 
Bikbov et  al., 2022). Additionally, increased homocysteine 
concentrations serve as markers of impairment in vitamin B12 and 
folate metabolism, which may result in neuronal injury and an 
increased risk of cognitive decline and AD/ADRD (Moretti et al., 
2017; Loures et al., 2019).

In the context of AD/ADRD research, substantial evidence 
underscores the role of amyloid-β (Aβ) deposition in the brain as 
the initiating factor in the pathogenesis of AD/ADRD. However, 
it is becoming increasingly clear that, alongside abnormal 
amyloid metabolism, other pathophysiological mechanisms are 
likely at play. Notably, hemostatic abnormalities and oxidative 
stress are emerging as potential contributors to the 
pathophysiological process associated with AD/ADRD (Rubio-
Perez and Morillas-Ruiz, 2012; Loures et  al., 2019). In our 
retrospective cohort analyses, we observed that elevated D-dimer 
concentrations, which are markers of hemostatic abnormalities, 
were significantly associated with AD/ADRD. While 
hypercoagulability promotes fibrin formation, it also heightens 

TABLE 4 Adjusted hazard ratios (HRs, 95% confidence interval) of metabolic syndrome, its components, and biomarkers associated with all-cause 
mortality in those with AD/ADRD or cognitive decline.

Model 1 Model 2

Case/person-yrs. 210/83,942 person-years 210/83,942 person-years

Risk factors for ADRD 
death

HR (95% CI) p-value HR (95% CI) p-value

MetSyn (yes vs. no) 1.27 (0.96–1.68) 0.10 1.13 (0.85–1.50) 0.40

MetSyn components

Large WC 1.17 (0.88–1.54) 0.28 1.07 (0.81–1.42) 0.64

High blood pressure 1.78 (1.26–2.52) 0.001 1.70 (1.20–2.40) 0.003

Elevated TG 0.96 (0.71–1.31) 0.82 0.92 (0.67–1.24) 0.57

Low HDL-C 1.15 (0.86–1.54) 0.34 1.06 (0.79–1.41) 0.72

Elevated glucose 1.58 (1.19–2.10) 0.002 1.41 (1.06–1.89) 0.02

Elevated biomarkers

C-reactive protein 1.54 (1.16–2.05) 0.003 1.42 (1.06–1.88) 0.017

Fibrinogen 1.31 (0.97–1.77) 0.08 1.26 (0.93–1.71) 0.14

Interleukin-6 1.78 (1.34–2.36) <0.001 1.66 (1.25–2.20) 0.001

Factor VIII 1.06 (0.78–1.43) 0.72 1.05 (0.77–1.43) 0.77

D-dimer 1.59 (1.20–2.11) 0.001 1.54 (1.16–2.05) 0.003

homocysteine 2.00 (1.46–2.72) <0.001 1.89 (1.38–2.58) <0.001

CIMT 1.14 (0.85–1.52) 0.38 1.11 (0.83–1.48) 0.47

Album/Cre ratio 2.21 (1.67–2.93) <0.001 2.08 (1.57–2.76) <0.001

HR, Hazard ratios are estimated using Cox's models to test time-to-event risk; WC, Waist circumference; HBP, High blood pressure; TG, Triglyceride; HDL-C, High-density lipoprotein 
cholesterol; CIMT, Carotid intimal-medial thickness; Album/Cre ratio, Urine albumin-to-creatinine ratio; Model 1, Adjusted age and sex; Model 2, Adjusted for age, sex, race, education, 
smoking, physical activity, and alcohol consumption. Significant difference: p < 0.05 in bold.
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the risk of thrombosis. It is speculated that hemostatic 
abnormalities may predispose individuals to the development of 
microthrombi, which, in turn, can lead to compromised perfusion 
within the cerebral microcirculation. This aspect, in all 
likelihood, contributes to the impairment of cognitive function 
and other neurological processes (Carcaillon et al., 2009; Loures 
et al., 2019). It is important to note that, due to the nature of a 
large population-based MESA study, other directly AD/ADRD-
related measurements obtained from samples of cerebrospinal 
fluid (surrounding the brain) were not available, such as tau and 
Aβ concentrations, nor tau neurofibrillary tangles and Aβ plaques 
(using positron emission tomography scans). Therefore, we are 
unable to test the associations of the study markers with tau and 
Aβ concentrations. Nevertheless, our findings emphasize the 
significance of further etiological investigations that consider 
potential pathways involving hemostatic abnormalities in the 
context of AD/ADRD risk.

Our current study offers several advantages. First, the MESA 
dataset stands out as one of the few studies that includes diverse study 
populations, including white, black, Hispanic, and Chinese 
participants. Second, the meticulous measurements of multiple factors 
in the study were conducted using standardized approaches, and 
biomarkers were centrally measured in one coordinating laboratory 
center within the MESA framework. This approach ensured 
consistency and accuracy in the study. Third, with a sample size of 
6,440 participants, our study ranks among the largest in the existing 
literature on population-based cohort studies with the inclusion of 
both genders and diverse populations. Fourth, we employed a rigorous 
and robust analysis design to investigate both cross-sectional 
associations (risk factors for the odds of cognitive decline) and 
longitudinal associations (risk factors for the incidence of AD/ADRD 
and all-cause mortality in those with AD/ADRD or cognitive decline), 
while carefully adjusting for multiple covariates.

Nonetheless, it is important to acknowledge several limitations 
inherent in our analyses. First, association analyses were conducted 
between risk factors measured at baseline and the study outcomes 
at exam 5 for cognitive decline, and follow-up for measures of AD/

ADRD and mortality through 31 December 2015. Our analyses do 
not take into account any changes in the baseline risk factors; their 
values may vary during the follow-up, which may potentially lead 
to either an over- or underestimation of the study associations. 
Second, the incident AD/ADRD cases may have been 
underestimated because of a competing cause of death that may 
have occurred before an individual had a chance to develop AD/
ADRD. Third, given that the MESA study is ongoing, it is possible 
that some participants may develop AD/ADRD later in life. 
Therefore, findings from the current analysis may underestimate the 
association because some outcomes (AD/ADRD) may occur after 
the conclusion of the current analysis period. Fourth, because 
cognitive function assessments were lacking at baseline, we analyzed 
the cross-sectional association of baseline MetSyn and the study 
biomarkers with the odds of cognitive decline (measured at the 
MESA exam 5). Consequently, these cross-sectional analyses do not 
allow for an interpretation of causal associations between the study 
risk factors and cognitive decline.

Conclusion

Despite these limitations, the results of this study provide new 
evidence and highlight the significance of preventable and treatable 
factors, including HBP, hyperglycemia, elevated CRP, factor VII, 
D-dimer, homocysteine, and kidney dysfunction, as potential 
factors for reducing the risk of cognitive decline and AD/
ADRD. This research contributes to a growing body of evidence 
emphasizing the interconnectedness of multiple factors with the 
risk of cognitive decline and AD/ADRD, which adds further 
suggestions to healthcare practice in controlling the risk of these 
conditions. However, further research is essential to explore the 
mechanistic pathways linking various disorders with cognitive 
decline and dementia risk, which includes investigating variations 
in the risk of AD/ADRD by race/ethnicity, sex, and the interrelations 
of these study factors. Additionally, there is a need to develop 
prediction models for the early detection of cognitive impairment 

FIGURE 2

Percent of all-cause mortality from cardiovascular disease (total CVD: 30.9%, of them, CHD: 15.7%, stroke: 5.7%, and other CVD: 9.5%), and non-CVD 
(64.3%) in those with AD/ADRD or cognitive decline (A), and the association between an increased number of exposures to the risk factors and all-
cause mortality in those with AD/ADRD or cognitive decline (B).
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and dementia risk and to develop targeted strategies for prevention 
and treatment.
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