
Association between Circulating Protein C Levels and Incident 
Dementia: the Atherosclerosis Risk in Communities Study

Adrienne Tin1,2, Keenan A. Walker3, Jan Bressler4, B. Gwen Windham1, Michael Griswold1, 
Kevin Sullivan1, Aozhou Wu2, Rebecca Gottesman5, Myriam Fornage4, Josef Coresh2, A. 
Richey Sharrett2, Aaron R. Folsom6, Thomas H. Mosley1

1.Department of Medicine, University of Mississippi Medical Center, Jackson, MS, USA

2.Department of Epidemiology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, 
USA

3.Laboratory of Behavioral Neuroscience, Intramural Research Program, National Institute on 
Aging, Baltimore, MD, USA

4.Human Genetics Center, School of Public Health, University of Texas Health Science Center at 
Houston, Houston, TX, USA

5.Department of Neurology, Johns Hopkins University, Baltimore, MD, USA

6.Division of Epidemiology and Community Health, University of Minnesota, Minneapolis, MN, 
USA

Abstract

Introduction—Hemostasis depends on the delicate balance between coagulants and anti-

coagulants. Higher levels of circulating coagulants have been associated with higher risk of 

cerebral infarctions and dementia. In contrast, higher levels of circulating protein C, an 

endogenous anticoagulant, have been associated with lower risk of cerebral infarctions, and the 

association between protein C levels and the risk of dementia is unknown. The goal of this study is 

to evaluate the association of circulating protein C levels in midlife and late life with incident 

dementia.

Methods—Circulating protein C levels were measured using blood samples collected at the 

midlife baseline (1987-89) and the late-life baseline (2011-13) among 14,462 and 3,614 

participants, respectively, in the Atherosclerosis Risk in Communities study. Protein C levels were 
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measured using ELISA at midlife and a modified aptamer-based assay at late life. Participants 

were followed up to 2013 from midlife and up to 2017 from late life. Incident dementia was 

ascertained during the follow-up periods using in-person cognitive and functional assessment, 

informant interviews, and International Classification of Diseases codes at hospitalization 

discharge and on death certificates. Cause-specific Cox regression models were used to evaluate 

the association between quintiles of circulating protein C and incident dementia.

Results—From midlife (mean age of 54), 1,389 incident dementia events were observed over a 

median follow-up of 23 years. From late life (mean age of 75), 353 incident dementia events were 

observed over a median follow-up of 4.9 years. At both midlife and late life, circulating protein C 

had an inverse association with incident dementia after adjusting for demographic, vascular and 

hemostatic risk factors, incident stroke as time-dependent covariate, and incorporating stabilized 

weights based on propensity scores (quintile 5 vs quintile 1 as the reference, midlife hazard ratio 

[HR] 0.80, 95% confidence interval [CI] 0.66 to 0.96, p-value for trend 0.04; late life HR 0.84, 

95% CI: 0.55 to 1.28, p-value for trend 0.04).

Discussion/Conclusion—Circulating protein C has an inverse association with incident 

dementia independent of established risk factors, including stroke. Our results suggest studying 

anticoagulants in addition to coagulants can increase our understanding on the relationship 

between hemostasis and dementia.
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Introduction

Hemostasis, which maintains blood fluidity and stops bleeding in the event of vascular 

injury, depends on the delicate balance between coagulants and anticoagulants (1). In 

population-based studies, higher levels of circulating coagulants have been associated with 

higher risk of cerebral infarctions, cognitive decline, and dementia (2-5). In contrast, higher 

levels of circulating protein C have been associated with lower risk of cerebral infarctions, a 

risk factor for dementia (4, 6). Among patients with atrial fibrillation, oral anticoagulant use 

has been associated with lower risk for dementia (7, 8). Little is known about the association 

between endogenous anticoagulant levels and the risk of dementia in the wider population of 

middle aged and older adults.

Protein C is an endogenous anticoagulant and, upon activation, deactivates two coagulants, 

factor V and factor VIII, whose levels have a positive association with cognitive decline and 

the risk of dementia (2, 9). Higher circulating protein C levels have been associated with 

lower risk of ischemic stroke, an established risk factor for dementia (10). However, many 

patients with dementia do not have stroke preceding dementia but have evidence of cerebral 

small vessel disease as revealed in magnetic resonance imaging (MRI) scans (11). Studying 

the association between circulating protein C levels and incident dementia may provide 

insight into the early role of the balance of hemostasis in dementia risk. We evaluated the 

potential etiological relationship of protein C levels in midlife and late life with incident 

dementia using cause-specific Cox regression models (12).
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Materials and Methods

Overview of Study Design

The Atherosclerosis Risk in Communities (ARIC) study is a longitudinal cohort study of 

15,972 adults from four communities (Washington County, Maryland; Forsyth County, 

North Carolina; northwestern suburbs of Minneapolis, Minnesota; and Jackson, Mississippi) 

with Jackson by design enrolling self-reported Black participants only. Since enrollment 

(visit 1, 1987-89), seven visits have been conducted.

Our primary analysis assessed the associations of circulating protein C levels in midlife and 

late life with incident dementia using two follow-up periods with non-overlapping sets of 

incident dementia cases (Figure 1). The midlife baseline was 1987-89 (visit 1, mean age: 54 

years). The association analysis from midlife included 14,462 participants who were 

followed up to the end of visit 5 (December 31, 2013). The exclusions at midlife were: 103 

participants with numbers in self-reported race and center combinations too small for 

analysis (self-reported race that was not White or Black, or self-reported as Black in 

Washington County or Minneapolis), 1 with missing incident dementia status, 275 with 

missing protein C measures, 587 with missing values for APOE ε4 genotype, 289 with 

missing values for other baseline covariates, and 75 with anticoagulant use (warfarin for all). 

Details are reported in Supplementary Figure 1. The late-life baseline was 2011-13 (visit 5, 

mean age: 75 years). The association from late life included 3,614 of the 6,538 participants 

who attended the late-life baseline visit, and participants were followed up to December 31, 

2017, when incident stroke information was available for all participants from the ARIC 

cohort surveillance (13). The exclusions at late life were: 42 participants with self-reported 

race that was not White or Black, or self-reported as Black in Washington County or 

Minneapolis, 341 with prevalent dementia, 609 missing dementia status, 1081 without 

protein C measures, 185 with missing values for APOE ε4 genotype, 430 with missing 

values for other baseline covariates, and 236 with anticoagulant use (warfarin use: 218, other 

anticoagulants: 18). Details are reported in Supplementary Figure 2. Given that warfarin is 

known to suppress protein C activity (14), participants who reported the use of warfarin at 

the midlife and late-life baselines were excluded. Participants who reported the use of other 

anticoagulants were also excluded because the small number of users made it infeasible to 

include the use of other anticoagulants as a covariate.

Standard Protocol Approvals, Registrations, and Patient Consents.

This study was approved by the Institutional Review Board of each ARIC participating site: 

University of North Carolina at Chapel Hill, Chapel Hill, NC; Wake Forest University, 

Winston-Salem, NC; Johns Hopkins University, Baltimore, MD; University of Minnesota, 

Minneapolis, MN; and University of Mississippi Medical Center, Jackson, MS. All 

participants provided written informed consent at each study visit, and proxies provided 

consent for participants who were determined to lack capacity.

Measurement of circulating protein C levels

The blood samples used for the assay of protein C were drawn from the antecubital vein 

after an 8-hour fast using a citrated plasma tube in midlife and an EDTA plasma tube in late 
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life. Samples were processed according to a standardized protocol and shipped on dry ice to 

the ARIC central laboratory for storage at −70°C or −80°C. At the midlife baseline, 

circulating protein C antigen levels were measured within a few weeks of blood draw using 

ELISA (15-18). The coefficient of variation (CV) from blind duplicates was 4% to 5% (17). 

The short-term reliability coefficients obtained from repeated testing of individuals over 

several weeks were 0.56 for protein C, 0.72 for fibrinogen, and 0.68 for von Willebrand 

factor (19). At the late-life baseline, the relative concentration of protein C in relative 

fluorescence units (RFU) was measured after 5 to 7 years of storage using SomaScan 

version 4, a modified aptamer-based assay (20, 21). Based on binding specificity tests 

performed by the manufacturer, the modified aptamers that targeted protein C did not bind to 

related proteins (factor VII, factor IX or factor X). The specificity of the modified aptamer 

targeting protein C was also confirmed by data dependent analysis (DDA) mass 

spectrometry (22). The protein C measures were normalized at the modified aptamer, plate, 

and sample levels based on the manufacturer standards and finally adjusted using the protein 

measures of a pool of healthy controls (23). Based on blind duplicates (n=197 pairs), the CV 

of protein C at the late life baseline was 4.6% (24). The Spearman correlation between the 

midlife and late life protein C measures was 0.18.

Incident dementia ascertainment

We followed participants from enrollment (1987-89, visit 1) up to the end of visit 6 

(December 31, 2017). Dementia status was determined by an expert committee that included 

physicians and neuropsychologists. The methods for dementia ascertainment in the ARIC 

study have been reported previously (25). Briefly, the ascertainment was based on detailed 

cognitive and functional assessment (Supplementary Table 1) at ARIC visits 5 (2011–2013) 

and 6 (2016–17), cognitive tests conducted at visits 2 (1990–92) and 4 (1996–98), and 

informant interviews. Participants who did not attend visit 5 were contacted by phone and 

administered the modified Telephone Interview for Cognitive Status (TICS) (26). TICS 

scores were education-adjusted (25). Informant interviews were sought for participants who 

could not be contacted for visits 5 or 6. During visit 5, informant interviews used the 

Clinical Dementia Rating (CDR) and the Functional Activities Questionnaire (FAQ). After 

visit 5, telephone interviews were sought for all participants semi-annually between study 

visits using the Six Item Screener (SIS) scores and for informant interviews using the 

Alzheimer’s Dementia 8-Item (AD8) Informant Questionnaire (27). Finally, dementia cases 

were also ascertained using ICD-9 dementia codes at hospitalization discharge and on death 

certificates obtained by ARIC cohort surveillance.

Dementia date was first set as the earliest of either the hospitalization date with an ICD-9 

code for dementia, death date if a dementia code was listed on the death certificate, date of 

telephone communication with the participant or proxy with indication of dementia, or date 

of the first visit when dementia was indicated. Dementia onset date ascertained from 

informant interviews, hospitalization and death certificates was reassigned as six months 

earlier to account for the expected lag in the reporting of the event. Participants who were 

classified as not having dementia were censored at their last study contact date or the date of 

death collected by ARIC cohort surveillance.
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Measurement of other variables

Race, education levels (< high school, high school graduate or vacation school, and at least 

some college, graduate or professional school), and current smoking status were self-

reported. Body mass index (BMI) was calculated using height and weight measured at study 

visit. Prevalent diabetes mellitus was defined as having a fasting glucose level ≥ 126 mg/dl, 

non-fasting glucose level ≥ 200 mg/dl, self-reported diabetes medication use, or self-

reported physician diagnosis of diabetes. Hypertension was defined as systolic blood 

pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, or self-reported use of anti-

hypertension medications. Estimated glomerular filtration rate (eGFR) was calculated using 

the Chronic Kidney Disease Epidemiology Collaboration equation (28) with calibrated and 

standardized serum creatinine (29). Anticoagulant use was determined based on the 

medication bottles that the participants provided at study visit. Platelet count was measured 

by Coulter counters. At the midlife baseline, factor VIII activity (factor VIIIc) was measured 

by the coagulation test; fibrinogen by the thrombin-time titration method; and von 

Willebrand factor antigen by ELISA. At the late-life baseline, factor VIII, fibrinogen, and 

von Willebrand factor were measured by the SomaScan assay. Global cognition Z scores 

were calculated by averaging the Z scores of three tests: the Delayed Word Recall Test, the 

Digit Symbol Substitution Test from the Wechsler Adult Intelligence Scale-Revised, and the 

Word Fluency Test (30, 31). Prevalent stroke at the midlife baseline was based on self-

report. Subsequent stroke events were based on hospital records from local hospital 

surveillance and annual telephone interview with ARIC participants. Stroke events were 

classified by a combination of computer algorithm and physician review (32). Atrial 

fibrillation events were ascertained based on electrocardiogram (ECG) during study visits, 

ICD codes for hospitalization discharge and on death certificate (33). Genotyping of the two 

single nucleotide polymorphisms (rs429358, rs7412) that define the APOE ε4 genotypes 

was performed using the TaqMan assay (Thermo Fisher Scientific, Waltham MA).

Statistical analysis

Baseline characteristics were compared across quintiles of circulating protein C levels using 

the chi-squared test for categorical variables with ≥ 5 observations in all cells and the Fisher 

exact test otherwise, one-way ANOVA for non-skewed continuous variables, and Kruskal-

Wallis test for skewed continuous variables.

We performed cause-specific analysis using Cox regression models, which are appropriate 

for etiological investigation (12) to evaluate the association of circulating protein C levels at 

midlife and late life with incident dementia. Protein C levels at both midlife and late-life 

baselines were categorized in quintiles. Covariates were established demographic, genetic, 

or vascular risk factors for dementia (34, 35) or novel risk factors that may be confounders 

in the relationship between protein C levels and dementia: eGFR (36), three coagulation 

factors (factor VIII, fibrinogen, and von Willebrand factor) (3), and platelet count (37, 38).

Our primary analysis consists of five cause-specific Cox regression models. At the midlife 

baseline, the covariates of Model 1 included demographics (age, race-center, sex, education 

levels) and APOE ε4 carrier status. Model 2 added vascular risk factors (diabetes, 

hypertension, BMI, current smoking, and prevalent stroke). Model 3 added coagulants 
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(factor VIIIc, fibrinogen, and von Willebrand factor) and platelet count. Model 4 added 

incident stroke as a time-varying covariate. Model 5 added the inverse of propensity scores 

as weights to further control for potential confounding. The propensity scores represent the 

conditional probabilities of belonging to one of the quintiles of protein C given the 

covariates (39, 40). Stabilized weights were calculated as a ratio with the numerator being 

the density of the quintiles of protein C and the denominator being the propensity scores 

generated using all covariates in Model 4. To assess whether these stabilized weights indeed 

balanced the covariates across quintiles of protein C, we conducted weighted regression 

analysis using each covariate as the outcome and quintiles of protein C as predictors 

incorporating the stabilized weights. The results showed that the covariates were largely 

independent of protein C after incorporating the stabilized weights. (Supplementary Table 

2).

At the late-life baseline, the five models were essentially the same as those defined for the 

midlife baseline except as noted here. First, the values of BMI, current smoking status, 

prevalent stroke, diabetes and hypertension status, eGFR, factor VIII, von Willebrand factor, 

and platelet count were obtained at the late life baseline. Second, Models 2 to 5 included 

global cognition Z score, which was not available at the midlife baseline. Lastly, Models 3 to 

5 did not include fibrinogen because the modified aptamer targeted fibrinogen did not pass 

quality control for binding specificity. Similar to the results of the midlife baseline, the 

covariates were largely independent of protein C after incorporating the stabilized weights 

(Supplementary Table 3).

We conducted two secondary analyses. Given that protein C levels might be more related to 

vascular risk factors of dementia, and the APOE ε4 genotype is more specific for 

Alzheimer’s disease, the first secondary analysis assessed the association between protein C 

levels and incident dementia excluding participants who were APOE ε4 homozygotes 

(Model 6) and APOE ε4 carriers (Model 7). Model 6 had the same covariates as Model 5, 

and Model 7 removed APOE ε4 carrier status as a covariate. Both Models 6 and 7 were 

evaluated incorporating stabilized weights based on propensity scores as used in Model 5. 

The other secondary analysis was conducted at the midlife baseline to explore whether only 

very low levels of protein C within quintile 1 were associated with higher risk of dementia 

given that compared with quintile 1, all higher quintiles (from 2 to 5) had similar hazard 

ratios. This analysis modeled protein C levels using cubic spline with knots at the 10th and 

20th percentiles and included the same covariates and propensity score-based weights as in 

Model 5. This analysis was not performed for the late-life baseline given that compared to 

quintile 1, quintile 2 had slightly higher risk estimate and quintiles 3 to 5 had lower risk 

estimates for dementia..

In all analyses, to reduce skewedness and potential influence of outliers, a log2 

transformation was applied to factor VIII, fibrinogen, von Willebrand factor, and platelet 

count followed by winsorization at the 1st and 99th percentile. The proportional hazards 

assumption was assessed by inspecting the Schoenfeld residual plot and testing whether the 

slope of the time-dependent coefficient across time was zero (41). The p-value for trend was 

obtained by using the five quintiles of protein C as a continuous variable with values from 1 

to 5. The Wald test with a degree of freedom of 4 was used to assess the joint effects of all 
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five quintiles. All analyses were conducted using R 4.0.2. The stabilized weights based on 

propensity scores were generated using the R ipw package (40).

Data Availability Statement

ARIC data from visit 1 to visit 5 are available through the Biologic Specimen and Data 

Repository Information Coordinating Center (BioLINCC). Data that are not yet available 

through BioLINCC are available upon request through the ARIC Coordinating Center at the 

University of North Carolina.

Results

At the midlife baseline (mean age: 54 years, 45% men, 26% Black overall), the median 

protein C levels was 3.1 ug/mL (25th, 75th percentile: 2.7, 3.5). Higher quintiles of 

circulating protein C levels had lower proportions of men, current smokers, Black 

participants, as well as higher BMI, and proportions of prevalent diabetes and hypertension. 

The proportions of participants with prevalent atrial fibrillation and APOE ε4 allele were 

similar across the quintiles (Table 1).

After a median follow-up of 23 years, we observed 1,389 incident dementia events. The 

primary data sources for dementia diagnoses were in-person cognition and functional 

assessment (22.1%), CDR and/or FAQ (38.7%), ICD codes at hospitalization discharge 

(26.9%), TICS (6.7%), and ICD codes on death certificates (5.5%, Supplementary Table 4). 

The curves of the crude cumulative incidence by quintiles of protein C levels from the 

midlife baseline were close together (Supplementary Figure 3). After adjusting for 

demographic factors (age, sex, race-center, education levels) and APOE ε4 carrier status, 

there was a weak inverse association between protein C levels and incident dementia (Model 

1, quintile 1 as reference, quintile 5 adjusted hazard ratio [HR], 0.82, 95% confidence 

interval [Cl]: 0.69 to 0.97, p-value for trend 0.14, Wald test p-value for the joint effects of all 

quintiles: 0.05, Table 2). After adjusting for vascular and hemostatic risk factors, the inverse 

association between protein C levels and incident dementia became stronger (Model 3, 

quintile 5 adjusted HR, 0.74, 95% CI: 0.62 to 0.88, p-value for trend 0.01, Wald test p-value: 

0.004, Table 2). This stronger inverse association might be partly due to the inclusion of 

some vascular risk factors of dementia that had positive univariate relationship with protein 

C levels, such as BMI and diabetes reported above. After adjusting for additional covariates 

and incident stroke as a time-varying covariate (Model 4), higher levels of protein C were 

associated with lower risk for dementia (quintile 5 adjusted HR, 0.77, 95% CI: 0.64 to 0.92, 

p-value for trend 0.04, Wald test p-value 0.01 Table 2). Results were similar in Model 5 

incorporating the stabilized weights based on the propensity scores (quintile 5 adjusted HR, 

0.80, 95% CI: 0.66 to 0.96, p-value for trend 0.04, Wald’s test p-value 0.04). The hazard 

ratios for quintiles 2 to 5 were similar. In the secondary analysis excluding APOE ε4 

homozygotes and heterozygotes (Models 6 and 7), the hazard ratio estimates were similarly 

to those from Model 5 (Supplementary Table 5). We did not observe a monotonic dose-

response pattern. The secondary analysis exploring the shape of association within quintile 1 

using a cubic spline with knots at the 10th and 20th percentiles revealed an inverse dose-
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response pattern within quintile 1 (cubic spline term overall p-value 0.004), i.e. the risk for 

dementia were higher as the levels of protein C became lower (Figure 2).

At the late-life baseline (mean age: 75 years, 41.3% men, 17.5% Black overall), similar to 

the midlife baseline, higher quintiles of circulating protein C levels had lower proportions of 

men and Black participants. The proportions of participants with prevalent atrial fibrillation 

and APOE ε4 allele were also similar across the quintiles. In contrast to the midlife baseline, 

higher quintiles of circulating protein C levels had lower BMI and proportions of prevalent 

diabetes and hypertension (Supplementary Table 6). After a median follow-up of 4.9 years, 

we observed 353 incident dementia events. The primary data sources for dementia diagnoses 

were in-person cognition and functional assessments (37.4%), AD8 (35.4%), SIS (6.8%), 

and ICD codes at hospitalization discharge (19.3%) and on death certificates (1.1%, 

Supplementary Table 7). In contrast to the midlife baseline, the curves of the crude 

cumulative incidence by quintiles of protein C levels at late-life showed a separation pattern 

reflecting the inverse association between protein C levels and incident dementia 

(Supplementary Figure 4). The results from the five multivariate models did not differ 

appreciably due to covariate adjustment. In all model tested, the overall associations 

between quintiles of protein C and incident dementia were significant (Wald test p-value for 

the joint effect of all quintiles ≤ 0.02). The hazard ratios of the quintiles had wide confidence 

interval, and quintile 3 to 5 had lower hazard ratio estimates compared with quintile 1. For 

example, in Model 5 when the stabilized weights based on propensity scores were 

incorporated: quintile 1 as reference, quintile 3 adjusted HR, 0.78, 95% CI: 0.56 to 1.10; 

quintile 4 adjusted HR, 0.73, 95% CI: 0.50 to 1.07; quintile 5 adjusted HR, 0.84, 95% CI: 

0.55 to 1.28; p-value for trend 0.04). In the secondary analysis excluding APOE ε4 

homozygotes and heterozygotes, the inverse association between protein C levels and 

incident dementia seemed to be slightly stronger in Model 7 (quintile 1 as reference, quintile 

5 adjusted HR 0.62, 95% CI: 0.37, 1.04, p-trend: 0.01, Supplementary Table 5). Similar to 

the association in midlife, we did not observe a monotonic dose response pattern.

Discussion/Conclusion

In this study of a community-based cohort with measures of circulating protein C levels in 

midlife and late life, cause-specific Cox regression models showed that protein C levels and 

incident dementia had an inverse association independent of stroke and coagulants, 

including factor VIII, fibrinogen, and von Willebrand factor. These results suggest more 

research on the balance between coagulants and anticoagulants in hemostasis may yield 

insight on the pathophysiology of dementia.

In the coagulation cascade, protein C, upon activation, can inactivate factor VIII resulting in 

lower production of fibrin downstream (42). In addition, activated protein C reduces the 

activity of plasminogen activator inhibitor. This function enhances the production of 

plasmin, which degrades fibrin clots (43). Therefore, adequate levels of protein C are critical 

for avoiding stasis and maintaining blood fluidity. Protein C levels have had an inverse 

association with incident stroke, an established risk factor for dementia (10, 44). In this 

study, the association between protein C and dementia was independent of stroke. 

Subclinical vascular injuries, such as brain infarcts, may be among the links underlying this 
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independent inverse association between protein C and dementia risk. Among participants in 

the ARIC Brain MRI study, which were stroke-free at the time of the MRI examination, 

higher levels of circulating protein C and lower levels of fibrinogen at the midlife baseline 

were associated with lower odds for subclinical brain infarcts six years later (4). Subclinical 

brain infarcts have been shown to be detectable in about 20% of older adults without stroke 

and have been associated with higher risk for dementia in population-based studies (6, 45, 

46). These results suggest the inverse association between protein C levels and incident 

dementia reported in the present study may not be mediated by stroke, and the balance 

between anticoagulants and coagulants in hemostasis may be important in the maintenance 

of vascular health in the brain for the prevention of dementia.

The inverse association between protein C and incident dementia is consistent with the 

protective association between anticoagulant treatment and incident dementia among 

patients with atrial fibrillation (7, 8, 47). While atrial fibrillation is an established risk factor 

for dementia, the underlying mechanism is still unclear (48). Dysrhythmia in atrial 

fibrillation is considered a cause of thromboembolism, which could lead to ischemic stroke 

or other vascular defects in the brain and thus increases the risk of dementia (49). In 

addition, atrial fibrillation could also be a marker of the Virchow’s triad for 

thromboembolism: a hypercoagulable state, stasis, and endothelial injury, which are 

common among older adults (48, 49). The results of the present study suggest that levels of 

endogenous anti-coagulant levels may be relevant for the study of dementia pathophysiology 

in a wider population.

This study has several strengths. We demonstrated consistent inverse associations of 

circulating protein C levels with incident dementia in midlife and late life using two follow-

up periods with non-overlapping cases in a large community-based cohort including White 

and Black participants. The dementia assessment was rigorous combining in-person and 

informant interviews with cohort surveillance. Some limitations warrant mentioning. At the 

midlife baseline, dementia assessment was not available. We assumed all participants were 

free of dementia at this baseline given that the age range at this baseline was 45 to 64. 

Specific forms of dementia diagnosis, such as vascular dementia and Alzheimer’s disease, 

were not available in the ARIC study. Therefore, we could not evaluate the association 

between protein C levels and specific forms of dementia. Measures of protein S, a cofactor 

of protein C, were not available to inform whether the effects of protein C might have been 

affected by this cofactor. Protein C measured at midlife had higher within-person variability 

than other hemostatic factors (19). We could have underestimated the true association due to 

this measurement variability. Given that the protein C levels at the midlife baseline were 

absolute measures and at the late-life baseline were relative measures, we could not directly 

compare the range of the protein C values or the changes between these two baselines. 

While the inverse associations between protein C levels and the risk for dementia were 

consistent between the midlife and the late-life baselines, the sample size was smaller at the 

late-life baseline resulting in larger confidence intervals in the comparisons between 

quintiles. Finally, given that this is an observational study with relative quantification of 

protein C levels at the late-life baseline, our data could not provide precise estimates of 

protein C levels that could be protective for dementia risk.
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In summary, we have showed that circulating protein C levels have an inverse association 

with incident dementia. Our results suggest investigating anticoagulants in conjunction with 

coagulants in hemostasis may yield insight into the pathophysiology of dementia, potentially 

leading to its prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Overview of the study design. The associations between protein C levels and incident 

dementia were assessed using two follow-up periods with non-overlapping sets of cases. The 

midlife baseline was 1987-89 (visit 1) with follow-up period up to the end of 2013. The late-

life baseline was 2011-13 (visit 5) with follow-up period up to the end of 2017. 

Abbreviation. ELISA, enzyme-linked immunosorbent assay.
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Fig. 2. 
At the midlife baseline, within quintile 1, an inverse dose-response relation between protein 

C levels and dementia risk was apparent when protein C levels were modeled as a cubic 

spline with knots at the 10th and 20th percentiles using the same covariates and stabilized 

weights based on propensity score as in Model 5 (p-value of the cubic spline 0.004). The 

grey bars in the lower part of the plot is the histogram of protein C levels. Abbreviation. HR, 

hazard ratio.
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