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Abstract 

Despite evidence for an association between atrial fibrillation (AF) and cognitive decline and 

dementia independent of stroke, pathways underlying this relationship remain unclear. Critically, 

elevated levels of inflammatory markers, common in AF, are associated with the breakdown of 

the blood-brain barrier (BBB) and may contribute to neuroinflammation and neurodegeneration. 

To investigate this potential contributing pathway, we estimated associations of inflammatory 

markers with cognitive decline and dementia in AF adults. We used data from two population-

based cohorts and found that inflammatory markers were associated with cognitive decline but not 
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dementia. Some associations were modified by sex and apolipoprotein E (APOE) genotype. These 

findings provide preliminary evidence for inflammatory-mediated BBB dysfunction as a potential 

contributing pathway linking AF to cognitive decline. Future work examining the role of BBB 

dysfunction in AF and cognition may benefit from the use of markers of central inflammation to 

increase sensitivity, while considering possible differences by sex, dementia subtype, and APOE 

genotype. 
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Chapter 1. Introduction 

1.1 Overview 

Atrial fibrillation (AF) and dementia are growing public health burdens in the aging population. 

AF, the most common type of cardiac arrhythmia, is associated with an increased risk of morbidity 

and mortality, increasing stroke risk 5-fold (1). Future projections suggest that the global 

prevalence of AF will be more than 60 million by 2050 (2). Dementia is a leading chronic disease 

contributing to disability and dependence among older adults (3). With the advancing age of the 

population, the number of people living with dementia is expected to rise to 139 million by 2050, 

presenting a substantial public health concern (4). As stroke increases the risk of dementia 2-fold 

(5), stroke can act as an intermediate between AF and dementia. Critically, evidence shows that 

AF patients are at a higher risk of cognitive decline and dementia, independent of stroke (6). 

Despite strong evidence supporting this association, the underlying pathways linking AF to 

dementia remain poorly understood. 

 A potential contributing pathway of this association that has received relatively little 

attention is the pro-inflammatory state common to both AF and dementia (7) and its impact on the 

blood brain barrier (BBB). Inflammation has been associated with the initiation and perpetuation 

of AF and with neurodegenerative changes (8–11). Blood vessels that vascularize the central 

nervous system (CNS) have specialized structural and functional characteristics that collectively 

form the BBB, which separates the peripheral circulation from the brain parenchyma (12). 

Systemic inflammation in AF may cause the breakdown of the BBB, which has been strongly 

related to dementia and cognitive impairment (12). As the BBB normally shields the brain from 

toxic substances in the blood, its breakdown subjects the brain to neurotoxins, which activates 

central inflammatory responses and impairs the clearance of amyloid beta (Aβ) leading to its 
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accumulation and aggregation in the brain (12,13). This results in neurodegeneration,  synaptic 

impairment, and neuronal damage leading to cognitive decline and dementia (12). Elevated plasma 

levels of interleukin-6 (IL-6), C-reactive protein (CRP), and fibrinogen (markers of systemic 

inflammation) are associated separately with AF and BBB breakdown (14–20). However, the 

extent to which inflammatory-mediated BBB dysfunction contributes as a pathway of cognitive 

decline and dementia in individuals with AF remains unknown. This thesis will explore this 

question.  

1.2 Rationale 

Dementia is a growing public health concern (4). As treatment trials testing amyloid-lowering 

therapies have been largely ineffective, there are currently no approved disease-modifying drugs 

available to prevent or slow the progression of dementia (21). There is thus an urgent need to better 

understand the pathophysiology of the disease and differentiate vascular from neurodegenerative 

pathways to identify new potential treatment targets. Given dementia’s long preclinical phase, risk 

reduction and early intervention are critical to prevent or delay the progression of this disabling 

disease. This is particularly true for the AF population, who have an increased risk of cognitive 

decline and dementia, independent of stroke (6) and for whom the vascular contributions to 

cognitive decline have the potential to be mitigated by the early initiation of oral anticoagulation 

therapy (22). Given the increasing prevalence of AF and significant impact of dementia on 

patients, carers and the health system, a more detailed understanding of the pathways underlying 

the association between AF and dementia is required for the early identification and treatment of 

cognitive risk. This master’s thesis addresses critical gaps in our knowledge and explores 

inflammatory-mediated BBB dysfunction as a potential pathway of the vascular contributions to 

cognitive decline in the AF population. Reducing inflammation and maintaining the integrity of 
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the BBB may be an important treatment target for patients with AF for early prevention of 

cognitive decline and dementia. There is also a critical need for the identification of biomarkers of 

BBB integrity that are predictive of cognitive decline and dementia. Blood-based measures of 

plasma IL-6, CRP, and fibrinogen may fill this critical gap and improve risk prediction tools for 

dementia to guide treatment decisions in the AF population. 

1.3 Research Objectives 

The overall objective of this research is to examine inflammatory-mediated BBB dysfunction as a 

potential contributing pathway of cognitive decline and dementia in individuals with AF. To 

directly address these knowledge gaps, the following research objectives were addressed: 

1. Estimate associations between plasma-based markers of inflammation (including 

fibrinogen, CRP, and IL-6) and incident dementia in aging adults with documented AF. 

2. Estimate associations between plasma-based markers of inflammation (including 

fibrinogen, CRP, and IL-6) and cognitive decline and worsening white matter grade on 

MRI in aging adults with documented AF. 

3. Investigate these associations within subgroups of interest: by sex and apolipoprotein 

(APOE) genotype. 

1.4 Thesis Structure 

This article-based thesis has 6 chapters. Chapter 1 introduces the topic, the rationale for the thesis, 

and the specific research objectives. Chapter 2 presents a review of the literature on AF and 

dementia, evidence from population-based studies of the association between AF and dementia, 

the proposed pathways behind this association (focusing on the pro-inflammatory hypothesis 

leading to BBB dysfunction), and an outline of the conceptual framework for the studies. Chapter 

3 expands on important methodological and analytical aspects excluded in the manuscripts and 
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Chapters 4 and 5 present the first and second manuscripts, respectively. Lastly, Chapter 6 presents 

a discussion and conclusion, which provides an overall interpretation of the two manuscripts, the 

strengths and limitations, and implications for future research and practice. 

Chapter 2. Literature Review 

2.1 Atrial Fibrillation 

2.1.1 Definition, burden, and risk factors 

AF is the most common sustained cardiac arrhythmia, with a global prevalence of over 37 million 

(2). In AF, uncoordinated electrical activation of the upper chambers of the heart, called the atria, 

causes an irregular, often rapid, heartbeat (23). Advancing age is the most important risk factor for 

AF (24). Studies have consistently found that the prevalence and incidence of AF increases with 

age, particularly among those 65 years or older (25,26). Often the increasing burden of 

comorbidities and cardiovascular risk factors contribute to the development and/or progression of 

AF (27). In particular, hypertension, male sex (25,26,28), diabetes mellitus, heart failure, and 

valvular heart disease are well established risk factors for AF (29,30). Future projections suggest 

that more than 60 million individuals will have AF by 2050, owing to the aging population and 

improved survival with cardiovascular conditions (2,24).  

2.1.2 Mechanisms 

AF can result from ectopic foci that initiate electrical impulses from locations outside the normal 

conduction route and/or a re-entry circuit, the repetitive propagation of an impulse in a circular 

path (31) (see Figure 2-1 below). The initiation and maintenance of AF can be linked to the 

interaction between a trigger and the substrate (32) (see Figure 2-2). The trigger, a rapidly firing 

focus, acts as the initiator of AF, whereas the substrate, electrical and structural remodelling of the 



5 

 

atria, is required to sustain the arrhythmia (32). Electrical remodelling includes changes to ion 

channel function necessary for proper activation and conduction, whereas structural remodelling 

includes alterations to atrial tissue architecture, such as atrial fibrosis or dilation (32). AF often 

initially presents as intermittent or paroxysmal, which is mostly trigger-driven (32). It is thought 

that the arrhythmia progresses to a persistent or permanent form through the additional influence 

of atrial remodelling (31,32). 

Figure 2-1. Principal mechanisms of atrial fibrillation (AF). A. Local ectopic firing. B. Single-

circuit re-entry. C. Multiple-circuit re-entry. D. Clinical AF forms and relation to mechanisms. 

Paroxysmal forms show a predominance of local triggers/drivers, particularly from pulmonary 

veins (PVs). As AF becomes more persistent and eventually permanent, re-entry substrates 

(initially functional and then structural) predominate. RA indicates right atrium; SVC, superior 

vena cava; LA, left atrium; and IVC, inferior vena cava (31). 
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Figure 2-2. Key concepts underlying the induction and maintenance of atrial fibrillation 

(AF). AF can be maintained by either re-entrant or rapid and sustained ectopic activity. 

Development of re-entry depends on the action of a trigger (usually from an ectopic beat) acting 

on vulnerable substrate. In normal hearts, atrial electrical properties are less likely to support the 

maintenance of AF. Atrial remodelling creates a substrate for re-entrant AF, by altering ion channel 

function and/or inducing tissue fibrosis. Remodelling can also make ectopic activity more likely 

by producing changes in Ca2+ handling that promote both triggered activity and re-entry. DAD, 

delayed after depolarisation; EAD, early after depolarisation (32). 

 

 

2.1.3 Morbidity and mortality 

It is estimated that 25-30% of AF cases are asymptomatic or silent (33) and between 25-62% are 

paroxysmal (34,35). Consequently, AF frequently goes undetected and untreated and in up to 30% 

of patients is only detected at the time of thromboembolic complications, such as stroke 

(24,33,36,37). Episodes of AF can result in electrophysiological and structural changes to the atria 

that increase the chances of more frequent episodes or sustained AF (24,38). As a result, AF can 
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progressively worsen overtime, increasing the risk of morbidity and mortality and imposing a 

significant burden on patients and substantial costs to the health care system (27). 

Typically, AF-related mortality is due to resulting comorbidities and complications, rather 

than the arrhythmia itself (39,40). In a large meta-analysis including 104 cohort studies, AF was 

significantly associated with an increased risk of all-cause mortality (pooled relative risk [RR] 

1.46; 95% CI 1.39 – 1.54), cardiovascular mortality (pooled RR 2.03; 95% CI 1.79 – 2.30), major 

cardiovascular events (pooled RR 1.96; 95% CI 1.53 – 2.51), ischaemic heart disease (pooled RR 

1.61; 95% CI 1.38 – 1.87), sudden cardiac death (pooled RR 1.88; 95% CI 1.36 – 2.60), heart 

failure (pooled RR 4.99; 95% CI 3.04 – 8.22), chronic kidney disease (pooled RR 1.64; 95% CI 

1.41 – 1.91), and peripheral arterial disease (pooled RR 1.31; 95% CI 1.19 – 1.45) (41). AF also 

increases the risk of stroke 5-fold (1) and is the leading cardiac cause of stroke, which is the second 

leading cause of death worldwide (42). Moreover, AF-related stroke is associated with higher 

mortality, longer hospitalizations, greater incidence of stroke recurrence within a year, and greater 

neurological and functional disability compared to non-AF related stroke patients (24,33,43–46). 

As stroke increases the risk of dementia 2-fold (5), stroke can act as an intermediate between AF 

and dementia. However, there is strong evidence for associations between AF and dementia, 

independent of stroke, highlighting a direct relationship between AF and cognition, which is 

outlined in more detail in Section 2.3. below (6,47).  

2.2 Cognitive Decline and Dementia  

2.2.1 Definition and burden 

Worldwide, more the 55 million people have dementia and dementia is a leading cause of disability 

and dependency among older adults, with devastating physical, psychological, social, and 

economic impacts on patients, caregivers, and health systems (4). In 2019, the total global societal 
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cost of dementia was US$1.3 trillion, 50% of which is attributed to informal care (4). According 

to the National Population Health Study of Neurological Conditions, the total Canadian health care 

system and out-of-pocket caregiver costs amounted to $10.4 billion in 2016 (48). Dementia is a 

chronic and progressive syndrome in which multiple-domain cognitive impairment, including 

memory and other domain-specific impairment, is sufficiently severe to significantly affect 

everyday functional abilities (49).  

2.2.2 Mixed dementia: Vascular contributions to dementia 

The most common diagnosis of dementia is Alzheimer’s Disease (AD) characterized by 

progressive memory decline and impairment of executive and visuospatial function (26, 27). 

Vascular dementia (VaD) is considered the second most common cause and is diagnosed when 

vascular events disrupting cerebral blood flow are responsible for cognitive decline (49). It often 

presents as an acute onset and stepwise decline, where executive dysfunction predominates (49). 

While previously estimated to contribute to 15-20% of cases (50), emerging data suggest that VaD 

is grossly underestimated, as vascular events and pathology often go undetected (49). Moreover, 

mixed pathologies, in which patients show signs of both AD and VaD is increasingly recognized 

as the most common etiology of dementia in older adults (51–53). In a longitudinal study including 

483 autopsied participants, more than half of those with AD had a combination of both AD and 

vascular pathologies (51,54).  

Typically, dementia has a long pre-symptomatic phase, providing an optimal window to 

aggressively manage vascular risks, slow progression, and enable longer independent living (55). 

However, dementia often goes undiagnosed due to its insidious onset (56), highlighting the need 

to identify biomarkers for early detection (55). Despite numerous treatment trials and research 

efforts, there is not a single disease-modifying drug for dementia (21). Many of these unsuccessful 
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drug candidates aimed to reduce Aβ plaques in the brain via amyloid-lowering therapies based on 

the “amyloid hypothesis”, the leading hypothesis of AD pathogenesis for 25 years (21). While this 

hypothesis was based on the assumption that an increase in the ratio of cortical Aβ-42 induces Aβ 

fibril formation, leading to senile plaque development, neurotoxicity and ultimately neural cell 

death and neurodegeneration; no clinical trials ever established efficacy of amyloid-lowering 

therapies and recent evidence from animal models and amyloid imaging have confirmed that Aβ 

deposition has no relationship to the onset of AD (57). Further, available therapeutics, such as 

acetylcholinesterase inhibitors, that aim to reduce dementia-related symptoms, have had modest 

effects at best (58,59). In the absence of treatment options, there is a critical need to discover new 

therapeutic targets. Critically, AF was independently associated with both AD and VaD in the 

prospective Intermountain Heart Collaborative study including 37,025 patients (60). Given the 

considerable overlap between AD and VaD and the potential role of vascular dysfunction, vascular 

conditions such as AF, may be important contributors to incident dementia. 

2.3 Associations Between Atrial Fibrillation and Dementia 

Many population-based studies have shown associations between AF and dementia or cognitive 

decline. Among 6,514 dementia-free participants in the prospective Rotterdam Study, prevalent 

AF was related to a 30% increase in the hazard of dementia, independent of stroke (hazard ratio 

[HR]: 1.33; 95% CI: 1.02 – 1.73) (61). Further, longitudinal prospective studies with repeated 

measures of cognitive function also demonstrate an association between AF and an increased risk 

of cognitive decline (62–64). In a recent meta-analysis including 21 studies, AF was significantly 

associated with a higher risk of cognitive impairment and dementia in stroke patients (RR: 2.70; 

95% CI: 1.82 – 4.00) and in the broader population with or without stroke (RR: 1.40; 95% CI: 1.19 

– 1.64) (6). Clinical prediction tools have been developed to estimate the risk of stroke in patients 
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with AF and inform decision-making for anticoagulant treatment. Notably, the most commonly 

used tool for stroke risk is the congestive heart failure, hypertension, age > 75 years, diabetes, 

stroke (CHADS2) score and the updated CHA2DS2-VASc score, which incorporates female sex, 

vascular disease, and age 65-74 as additional risk factors (65). In a large-scale population-based 

cohort study among 332,665 AF subjects, these scores were also significant predictors of dementia 

with an adjusted hazard ratio of 1.52 and 1.5 per 1-point increment of the CHADS2 and CHA2DS2-

VASc scores, respectively (66). Furthermore, treatment of AF with oral anticoagulants may 

preserve cognitive function. In a registry-based study of nearly half a million patients with AF, 

oral anticoagulant treatment was associated with a 29% decrease in dementia risk compared to 

those without treatment (22). 

Interestingly, among these studies, some have found that AF significantly increased the 

risk of dementia among younger subjects below 75 years of age but not in older subjects 

(60,61,67). Analyses of the Rotterdam Study demonstrated that younger participants with the 

longest history of AF had the highest risk of dementia, suggestive of a dose-response relationship 

(61). Therefore, as dementia progresses over many years, exposure to AF may have to occur at a 

younger age to lead to dementia onset (7). Another plausible explanation is that since cognitive 

function progressively deteriorates over time, those in older age groups with dementia are often 

censored, biasing the results towards the null. This may also explain why other longitudinal studies 

including individuals over the age of 75 years found no association between AF and dementia (68–

70). In addition, these studies may not have been powered to detect an association due to smaller 

sample sizes and shorter follow-up periods in older age strata. Despite strong evidence for these 

associations, the potential pathways linking AF and dementia remain unclear. 
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2.4 Proposed Pathophysiological Pathways Linking Atrial Fibrillation and Dementia 

Several pathways have been proposed as contributing to the association between AF and dementia 

(see Figure 2-3 below). Four primary pathways highlighted by Madhavan et al. (2018) will be 

reviewed: shared risk factors, prothrombotic state and cerebral microbleeds, cerebral 

hypoperfusion, and pro-inflammatory state. 

 

Figure 2-3. Proposed pathophysiology of cognitive impairment in atrial fibrillation. Atrial 

fibrillation (AF) has a number of effects that predispose individuals to cognitive impairment, 

including a prothrombotic state, a pro-inflammatory state, and reduced cardiac output. Final 

pathways leading to cognitive impairment potentially include cerebral embolism, haemorrhage, 

and volume loss. LV, left ventricular; TIA, transient ischaemic attack (7). 
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2.4.1 Pathway 1: Shared risk factors 

First, a noncausal explanation draws on the common etiology shared by both AF and dementia (7). 

AF and dementia share multiple risk factors, particularly advancing age (7). Other shared risk 

factors include excessive alcohol consumption (71,72) and comorbidities, such as hypertension, 

diabetes, heart failure, and chronic kidney disease (7,25,73–77). However, as previously 

highlighted, prospective studies have demonstrated a significant temporal relationship between AF 

and dementia after adjustment for these shared risk factors (7). Although residual confounding is 

possible, it is unlikely to account for the consistent results across the literature. In a meta-analysis, 

Kalantarian et al. (2013) examined the association between AF and cognitive impairment 

independent of stroke and showed that a sensitivity analysis excluding studies with inadequate 

adjustment for potential confounders had little effect on the reported results (6). Further, a dose-

response relationship between AF and dementia in younger subjects has previously been 

established (78), supporting a causal association and highlighting that other potential pathways 

contribute to this relationship. 

2.4.2 Pathway 2: Prothrombotic state (or silent cerebral infarcts) and cerebral microbleeds 

Second, AF also produces a prothrombotic state. It is thought that the components of Virchow’s 

triad are responsible for increasing the risk of thromboembolism: blood stasis, hypercoagulable 

state, and endothelial dysfunction (14). First, the contractile dysfunction characteristic of AF 

reduces cardiac output and leads to blood stasis (79). Second, there is an increased activation of 

the coagulation cascade, platelet reactivity, and impaired fibrinolysis (14). Third, AF induces 

structural changes including atrial fibrosis and endothelial dysfunction (14). Together, these three 

changes promote thrombus formation and subsequent embolization (14). Although studies have 

shown an association between AF and dementia, independent of clinical cerebrovascular events 
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(e.g., stroke), silent cerebral infarction (SCI) (i.e., asymptomatic stroke) may also act as an 

intermediate variable for this association (7,80) and has been associated with both cognitive 

decline and dementia. In the prospective Rotterdam Scan Study, the presence of SCI at baseline 

more than doubled the hazard of dementia (HR 2.26; 95% CI 1.09-4.70) and was associated with 

greater cognitive decline compared to those without infarcts (81). AF has also been associated with 

SCI on MRI (82), and those with both AF and SCI had higher odds of mild cognitive impairment 

when compared to those without (83). However, other studies demonstrated that AF was associated 

with lower brain volume and greater cognitive decline independent of SCI on brain imaging 

techniques (84,85). Of note, these studies were all cross-sectional, so future prospective studies 

are required to establish SCI as a true mediator. 

In patients with AF, thromboembolic risk is typically managed with the use of oral 

anticoagulant therapy (24). Although this intervention significantly reduces the risk of embolic 

stroke, it increases the risk of intracerebral haemorrhage and cerebral microbleeds (86). In the 

Rotterdam Study, a high microbleed count significantly increased the risk of cognitive decline and 

dementia (87). However, given that the annual rate of treatment-related bleeding events is 

estimated to be 0.1-2.5% and that anticoagulation treatment has been shown to reduce the risk of 

dementia (22), cerebral microbleeds are unlikely to independently account for this relationship (7). 

2.4.3 Pathway 3: Cerebral hypoperfusion 

Cerebral hypoperfusion and hypoxia has also been proposed as a pathway underlying the 

association between AF and dementia (7,13), as the brain has a high metabolic demand and 

requires a steady supply of blood (88). In patients with AF, reduced cardiac output and left 

ventricular dysfunction due to irregular cardiac rhythm can result in cerebral hypoperfusion and 

hypoxia (7,89,90). In the AGES-Reykjavik Study, those with persistent AF had decreased cerebral 
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blood flow and brain perfusion when compared to those without AF (91). Further, a linear 

relationship was found between increasing duration of AF and lower total brain volume (84), 

although other studies found conflicting results (92,93). Cerebral hypoperfusion has also been 

associated with dementia and subcortical white matter hyperintensities on MRI (7,94). In the 

Framingham Heart Study, lower left ventricular ejection fraction was associated with lower mean 

cognitive performance (95). In individuals with AD, decreased cerebral blood flow has been 

observed prior to Aβ deposition in the brain, a peptide which, when accumulated in the 

extracellular space, is a hallmark of AD pathology (51). AF is thought to impair the clearance of 

Aβ and contribute to the progression of cognitive decline (51). 

Logically, interventions that restore sinus rhythm in individuals with AF should then 

improve cerebral perfusion and thus cognitive outcomes, however results have been mixed, 

suggesting that this association may not be purely driven by thromboembolic or hypoperfusion 

pathways (7). In the large prospective Intermountain AF study, those with AF who underwent 

catheter ablation had a significantly lower risk of dementia compared to those with AF who had 

not received ablation (96). Contrary to that study, randomized trials have shown that rhythm 

control therapies, including cardioversion, anti-arrhythmic drugs, and ablation, do not improve 

cognitive function, as measured by the Montreal Cognitive Assessment and Mini-Mental State 

Examination (97,98). 

2.4.4 Pathway 4: Pro-inflammatory state 

Another proposed pathway contributing to this association is the pro-inflammatory state detected 

in both AF and dementia (89). Several studies have highlighted the association of systemic 

inflammatory markers with the initiation and perpetuation of AF (8). IL-6 is a cytokine in the 

plasma that mediates the inflammatory response and induces the hepatic synthesis of CRP and 
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fibrinogen, acute-phase inflammatory proteins (99). Turbulent and static flow in the atrium 

resulting from AF can cause endothelial damage, increasing the release of inflammatory markers 

(90,100,101), including IL-6, CRP, and fibrinogen (14–18). Growing evidence supports 

inflammation as an important contributor to neurovascular and neurodegenerative changes and 

cognitive decline (9–11). Post-mortem brain tissue studies of individuals with AD found chronic 

inflammation, as indicated by activated neuronal immune cells, called microglia, around Aβ 

plaques and neurofibrillary tangles (9,51). Further, another study suggested that the plaques and 

tangles characteristic of AD only led to neurodegeneration when inflammation was present 

(51,102). Therefore, systemic inflammation is a promising pathway linking AF with cognitive 

decline and dementia and will be the focus of this thesis. 

2.4.5 The missing link: Blood-brain barrier dysfunction 

The pathway by which systemic inflammation in AF directly impacts the brain remains to be 

elucidated. A potential mediator of this relationship and a large evidence gap in the model depicted 

in Figure 2-3 is the potential role of the BBB. 

Blood-brain barrier structure and function 

The BBB is a highly regulated structure separating the brain parenchyma from the systemic 

circulation (13). A functional BBB maintains brain homeostasis by preventing the entry of most 

blood-derived molecules, including pathogens, neurotoxins, and xenobiotics (13). Therefore, 

maintaining its integrity is critical to ensure proper neuronal function and to protect the CNS from 

inflammation, injury, and disease (103).  

Unlike non-neural tissues, the blood vessels vascularizing the CNS are composed of non-

fenestrated endothelial cells held together by tight junctions and possess a low number of pinocytic 

vesicles and leukocyte adhesion molecules that limit transcytosis and the entry of immune cells, 
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maintaining strict control over the passage of molecules, ions, and cells between the circulation 

and the brain (13,104,105). Endothelial cells have unique transport properties, including efflux 

transporters that remove lipophilic toxins able to passively diffuse across the cell membrane and 

nutrient transporters that allow the entry of important nutrients into the brain such as water, 

glucose, and amino acids, as well as remove waste products (13,106). The BBB is a multicellular 

system supported by pericytes, astrocytes, a basement membrane, microglia, and neurons, together 

forming the neurovascular unit (see Figure 2-4 below). The endothelium is partially covered by a 

layer of pericytes, cells responsible for regulating angiogenesis, immune cell infiltration, blood 

flow, and BBB formation and function (107). Astrocytes are a major glial cell in the CNS that 

extend processes to link neurons with surrounding blood vessels, allowing them to regulate 

cerebral blood flow and vasomotor responses (108,109). In addition, they have been shown to 

regulate BBB junctions and transport (104). The basement membrane, surrounding the 

endothelium and pericytes, functions as a second barrier and supports interactions between the 

endothelial cells, pericytes and astrocytes (109). Microglia are the sole immune cells of the CNS 

that closely monitor the brain parenchyma to maintain homeostasis, remove debris, and support 

neuronal development and repair (110). As a healthy CNS contains very few immune cells and 

tightly controls their passage, it is typically an immunosuppressed environment (108). 
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Figure 2-4. Structure of the BBB. At the level of the penetrating arteries, endothelial cells are 

surrounded by vascular smooth muscle cells that regulate vascular tone. At the level of the 

intracerebral capillaries, the neurovascular unit is comprised of endothelial cells, pericytes, 

astrocytes, basement membrane, microglia, and neurons. Continuous non-fenestrated endothelial 

cells are held together by tight junctions and pericytes partially encase the endothelium, which are 

both surrounded by a common basement membrane. Astrocyte endfeet completely surround the 

capillary wall and link to nearby neurons. Microglia are in constant surveillance in the brain 

parenchyma (109,111). 

 

 

 

BBB Dysfunction 

Evidence of BBB dysfunction has been demonstrated in multiple neurodegenerative disorders, 

including multiple sclerosis, Huntington’s disease, Parkinson’s disease, and dementia 

(105,106,112–114). Cardioembolic stroke (i.e., AF-related stroke) has also been associated with 

BBB permeability (115). Critically, a recent study showed that AF was associated with higher 
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levels of Tau protein and glial acidic fibrillary protein in the systemic circulation, biomarkers of 

neuronal injury and disruption of the BBB (116). BBB dysfunction may result from disruption of 

tight junctions, accumulation of blood-derived products, degeneration of pericytes and endothelial 

cells, increased transcytosis, disrupted transport, or increased leukocyte infiltration (104,105). As 

a result, the breakdown of the BBB impairs the transport of nutrients to the brain and allows the 

entry of neurotoxic blood-derived molecules into the CNS, activating central inflammatory and 

immune responses that further perpetuate the impairment of the BBB in a vicious cycle (12,106). 

Increased inflammation can lead to BBB dysfunction by downregulating tight junctions, 

altering transcytosis and transporters, degrading the basement membrane and disrupting astrocyte 

endfeet (108). Therefore, systemic inflammation in AF may lead to the breakdown of the BBB, 

predisposing patients to cognitive impairment and dementia (9–11,106). Further, an increased 

demand for oxygen due to cerebral hypoperfusion can result in the production of reactive oxygen 

species (ROS) (13,117). The upregulation of ROS stimulates cells of the BBB to release 

inflammatory factors that can further impair the BBB (117). When cytokines, such as IL-6, 

infiltrate the brain, they cause demyelination and damage to neuronal cells associated with the 

hippocampus and white matter (12). In addition, fibrinogen is highly neurotoxic and, while 

typically blocked by the BBB (90,118), if the BBB is damaged it can enter into the CNS,  co-

localize with Aβ, and lead to axonal retraction, and promote microglia activation and 

neuroinflammation (106,119). Increased blood levels of this protein have been associated with a 

higher risk of AF, dementia, and cognitive decline (18,120,121). Further, plasma IL-6, CRP, and 

fibrinogen have been associated with BBB dysfunction (19,20,118,122–124). Therefore, leakage 

of these systemic inflammatory markers through the BBB represents a potential pathogenic 
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pathway of neurovascular and neurodegenerative changes in individuals with AF, but few 

studies have examined its role in the association between AF and cognitive decline.  

2.5 Conceptual Framework 

Figure 2-5 below depicts our conceptual framework of the hypothesized pathways linking AF to 

cognitive decline and dementia. Based on previous literature, we have identified a set of variables 

and the proposed relationships between them. 

 

Figure 2-5. Conceptual framework of the proposed contributing pathways linking AF to 

cognitive decline and dementia. Systemic inflammation contributes to the initiation and 

perpetuation of AF which in turn increases systemic inflammation. CRP, IL-6 and fibrinogen, 

markers of systemic inflammation associated with BBB dysfunction, will be used as the exposure 

variables in models. The resulting inflammatory-mediated BBB dysfunction then leads to 

cognitive decline and dementia our outcome variables of interest. Confounders of the exposure-
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outcome relationship have been listed based on background knowledge and will be included as 

covariates in adjusted models. As indicated by unidirectional arrows, incident stroke is 

hypothesized as an intermediate of the exposure-outcome relationship. We will also investigate 

sex and APOE genotype as potential effect modifiers to establish the need to report sex-specific 

estimates or model APOE interaction terms. BMI, body mass index; LVH, left ventricular 

hypertrophy; CRP, C-reactive protein; IL-6, Interleukin-6; BBB, blood-brain barrier; APOE, 

apolipoprotein E. †Entered as a time-varying variable in survival models where possible. 

Chapter 3. Additional Methods 

As some pertinent details relating to the study methodology have been excluded from the 

manuscripts to better align with requirements for journal submission, this chapter will provide 

relevant supplemental methodological information. 

3.1 Data Sources 

Analyses in the primary thesis manuscripts (Chapter 4 and 5) used data from the Reasons for 

Geographic and Racial Differences in Stroke (REGARDS) study and the Cardiovascular Health 

Study (CHS) cohorts (see Appendix A for depiction of study designs). 

3.1.1 Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study 

The REGARDS study was a prospective population-based cohort study of 30,183 adults aged ≥ 

45 years in the United States (125). The sample was selected from commercially available 

nationwide lists of residents using mail and telephone contact. Fifty-five percent were recruited 

from the Stroke Belt, a region of high stroke mortality including 8 southeastern states: North 

Carolina, South Carolina, Georgia, Tennessee, Mississippi, Alabama, Louisiana, and Arkansas. 

The others were recruited from the remaining states (125). Participants were enrolled between 
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January 2003 and October 2007 (126). Inclusion criteria included having a name, telephone 

number, and address in the listings (125). Potential participants were excluded if they were a race 

other than Black or White, were undergoing active treatment for cancer, had medical conditions 

that would prevent long-term participation, were cognitively impaired, resided in or were on a 

waiting list for a long-term care home, or were unable to communicate in English (125). Eligible 

participants providing verbal consent underwent a baseline computer-assisted telephone interview 

to collect data on demographics, risk factors, and medical history (125). At a subsequent in-home 

visit, a trained health professional obtained written informed consent, performed physical 

measurements, a medication inventory, a resting electrocardiogram (ECG), and a blood and urine 

collection (125). Participants or their proxies were contacted by telephone at 6-month intervals 

with retrieval of medical records over a maximum follow-up period of 17 years (125). 

Primary outcome ascertainment: Dementia 

The primary outcome was incident dementia, ascertained by trained technicians by telephone at 

baseline and annually over follow-up using the Six-Item Screener (SIS). The SIS assesses global 

cognitive function and includes a three-item recall and a three-item temporal orientation (day of 

the week, month, year) (127) with a score ranging from 0 to 6. Dementia was defined as a score 

of 3 or less at any follow-up assessment, a cut-off previously shown to have a sensitivity of 88.7% 

and specificity of 88.0% for the diagnosis of dementia (127). It is important to note that this is a 

screener that, while shown to be valid for dementia diagnoses, does not involve all measures 

included in the clinical criteria for dementia, such as comprehensive neuropsychological testing or 

assessment of activities of daily living. 
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3.1.2 The Cardiovascular Health Study (CHS) 

The CHS was a prospective cohort study which was conducted to determine risk factors and 

consequences of cardiovascular diseases in older adults in four communities in the United States: 

Sacramento County, California; Washington County, Maryland; Forsyth County, North Carolina; 

and Pittsburgh, Pennsylvania (128).  CHS enrolled 5,888 adults aged 65 or older (an original cohort 

of 5,201 in 1989-90 and a supplemental cohort of 687 predominantly Black  participants in 1992-

93) (128). Eligible participants were sampled from Medicare eligibility lists in each area (128). 

Participants were excluded if they could not give consent or answer questions without a surrogate, 

resided in an institutional setting, were wheelchair-bound, were receiving hospice treatment, or 

were receiving active treatment for cancer (128). Participants underwent extensive physical and 

laboratory baseline examinations and were followed through 1998-99 with annual clinical 

examinations, telephone interviews at 6-month intervals, and data were linked with Medicare 

claims (128).  

In 1998-99, an ancillary study, the Cardiovascular Health Cognition Study (CHCS), was 

initiated to classify dementia status among 3,608 CHS participants who had a brain MRI in 1991-

94 and a cognitive test in the same year (129). A second brain MRI was taken in 1997-98 (130). 

Participants who received an MRI were significantly younger, had a higher education and income, 

were less likely to smoke and to have had prior cardiovascular disease, hypertension, or diabetes 

mellitus compared to those who did not receive an MRI scan (129).  

Primary outcome ascertainment: Dementia 

The primary outcome was incident dementia. Detailed information regarding dementia 

classification has been previously described (129,130). In brief, using the data collected between 

1989 and 1999, the participants from the CHCS were classified as high or low risk for dementia 
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(130). High risk was defined as one of the following: (1) a Modified Mini-Mental State 

Examination (3MS) score < 80, (2) ≥ 5-point decline on the 3MS from the time of MRI, (3) a 

Telephone Interview for Cognitive Status (TICS) score < 28, (4) an Informant Questionnaire for 

Cognitive Decline in the Elderly (IQ CODE) score > 3.6, (5) incident stroke, (6) a medical record 

with dementia diagnosis, or (6) residing in a nursing home (130). 

At 3 of the sites, surviving high-risk White participants and all surviving Black participants 

were brought into the clinic for neuropsychological testing (130). At the Pittsburgh site, all 

surviving participants were evaluated regardless of risk status or race (130). In clinic, participants 

underwent an extensive neuropsychological battery (130). Those who failed tests of memory or 

more than one cognitive domain were further examined by a neurologist (129).  

A committee of neurologists and psychiatrists classified all participants based on all the 

available data (129). Participants who did not meet dementia criteria but who presented cognitive 

deficits were classified with mild cognitive impairment (MCI) (129). For participants unable to 

come into the clinic or who were deceased, dementia was assessed using existing CHS data 

collected from the annual clinical examinations, medical records, physician questionnaires, and 

proxy interviews (129). Six participants were not classified due to a lack of sufficient information 

(129). Dementia onset was determined by review of the data collected over the course of follow-

up and by family input using the Neuropsychiatric Inventory (129). If the date of onset was before 

entry into the CHCS, the participant was classified as prevalent dementia at baseline (129). 

3.2 Study Design and Cohort Selection 

To determine whether inflammatory-mediated BBB dysfunction causally contributes to cognitive 

decline and dementia in adults with AF, our goal was to investigate the association of markers of 
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BBB dysfunction, including IL-6, CRP, and fibrinogen, with cognitive decline and incident 

dementia in a cohort of aging adults with prevalent AF at baseline. 

To establish a temporal sequence between AF and cognitive outcomes, we used a 

prospective cohort design and excluded those with cognitive impairment or dementia at baseline. 

The specific exclusion and inclusion criteria are detailed in the manuscripts. Our sample size 

calculations for both cohorts are detailed in Appendix B. A minimum sample size of 2,529 

individuals in the REGARDS cohort was required to be sufficiently powered to detect a 20% 

increase in hazard. In the REGARDS cohort, we were slightly underpowered (power = 69.6%) as 

2,109 participants had AF at baseline and no cognitive impairment.  In the CHS cohort, a minimum 

sample size of 2,570 individuals was required. However, there were only 70 prevalent AF cases 

and 1,104 incident AF cases (505 of which occurred prior to dementia diagnosis). To mitigate the 

impact of reduced power due to this low sample size of prevalent AF cases, we expanded the 

cohort to include all individuals, and stratified based on AF status over the study follow-up 

(N=3,375). Estimates of association were obtained for the overall cohort and stratified by AF 

status. 

3.3 Descriptive Analyses 

Descriptive analyses of the variables of interest were conducted prior to proceeding with the 

primary analyses. For categorical variables, distributions were summarized using frequency tables. 

For continuous variables, histograms, box plots, and measures of central tendency and variability 

were used to summarize distributions. No outliers or coding errors were identified in the variables 

of interest. The frequency and percentage of missing observations were summarized for each 

variable. In the REGARDS cohort, IL-6 was included in our pre-specified analytic plan as a 

secondary exposure variable, however, 91.6% of the observations were missing in the analytic 
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cohort. We therefore restricted our analyses to CRP as the only exposure. Other variables with 

extensive missingness in the REGARDS cohort included APOE Ꜫ4 (91.3%) and medication use at 

follow-up (59.4%) and were thus excluded from these analyses.  

For continuous variables, skewness of the distribution was evaluated by visual inspection 

of histograms and interpretation of skewness and kurtosis values. In the REGARDS cohort, CRP 

displayed a right-skewed distribution (Skewness: 6.7; Kurtosis: 74.1). In the CHS cohort, CRP and 

IL-6 displayed right-skewed distributions (Skewness: 9.50 and 7.3; Kurtosis: 137.1 and 127.1, 

respectively). To correct for skewness, these variables were log2 transformed. Fibrinogen was 

scaled down by a factor of 100 to enable interpretation of effect estimates. Chi-square tests, t-tests, 

Pearson’s correlations, Analysis of Variance (ANOVA), and Wilcoxon-rank sum tests were used 

to examine potential collinearity between the covariates and associations with the exposure and 

outcome variables. 

3.4 Model Selection 

3.4.1 Competing risks cause-specific Cox proportional hazards model 

Our analytic goal was to estimate the risk of incident dementia as a function of time in individuals 

with AF at differing levels of circulating inflammatory markers. We therefore selected a Cox 

proportional hazards regression model to analyze incident dementia as a time-to-event outcome. 

As the occurrence of death precluded the occurrence of dementia in both cohorts (REGARDS n = 

861 and CHS n = 2,479), we selected a competing risks time-to-event framework. As outlined by 

Lau et al (131), the choice between the Fine-Gray subdistribution hazard model and the cause-

specific hazard model should be guided by the study objective. Our objective was to identify 

whether inflammatory markers were associated with an increased hazard of the occurrence of 

dementia in subjects who are currently event-free. We therefore selected a cause-specific hazard 
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model as it is better suited for studying etiologic questions, whereas the subdistribution hazard 

model is better suited for predicting prognosis and estimating the incidence of the outcome (132). 

This model lends itself well to etiologic interpretations as, in the presence of competing risks, we 

can interpret the magnitude of the effect of inflammatory markers on the rate of occurrence of 

dementia from the cause-specific hazard ratio, but not from the subdistribution hazard ratio (132). 

Furthermore, in the presence of competing risks, the Kaplan-Meier estimates of survival function 

results in an upward bias of the event incidence (132). Therefore, we plotted cumulative-incidence 

function curves to estimate the crude incidence of dementia and death by exposure category, as 

this method accounts for competing risks (132). 

3.4.2 Longitudinal model: Latent class growth analysis and logistic regression 

Additionally, within both cohorts, we were interested in modeling the longitudinal cognitive 

trajectories of individuals over time and aimed to investigate whether distinct growth trajectories 

existed within the overall cohort. We used latent class growth analysis (LCGA) to identify 

subgroups of individuals based on their common cognitive trajectories over time. We used the 

following analytic approach outlined by Wardenaar (2020) (133): 

1. Define the underlying growth model: cognitive score as a function of time (days). 

2. Models of increasing number of classes (1 to 3 classes) were fit to the data. 

3. Compute and plot the predicted values of the longitudinal cognitive score in each latent 

class. 

In both the REGARDS and the CHS cohorts, the optimal models included two latent classes, one 

class with a stable cognitive trajectory (slope = 0.00001 and 0.00015, respectively) and the other 

displaying a trajectory of cognitive decline (slope = -0.00091 and -0.0061, respectively). We 

selected binomial logistic regression to model the relationship between inflammatory markers and 
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latent class membership, adjusting for confounders. Further details are provided in the manuscripts 

(Chapters 4 and 5). 

3.5 Checking Model Fit and Assumptions 

3.5.1 Competing risks cause-specific Cox proportional hazards model 

A key assumption of the Cox model is the proportionality of hazards, in which the relative hazard 

for any two subjects remains constant over time (134). To test this assumption, we used Schoenfeld 

residuals tests to examine the statistical significance (p<0.05) of each covariate and for the global 

models. A significant test statistic indicating non-proportionality was further visually inspected 

using plots of the scaled Schoenfeld residuals versus time to check for any patterns or departures 

from the horizontal line. As indicated by the global test statistics, the models did not violate the 

proportional hazards assumption. In the REGARDS cohort, baseline cognitive score was the only 

covariate that violated the proportional hazards assumption (see Appendix C for Schoenfeld plot). 

To resolve this violation, we entered baseline cognitive score into the model using the strata 

function which relaxes the proportional hazards assumption and allows separate baseline hazard 

functions to be estimated within each strata. There were no covariate violations in the CHS models. 

Another assumption of the model is that the relationship between the log-hazard and each 

continuous covariate is linear (134). To test this assumption, martingale residuals were plotted 

against continuous covariates to detect non-linearity (see Appendix D for plots of martingale 

residuals versus age). Finally, to check for influential observations or outliers, we inspected plots 

of dfbeta and deviance residuals. Residuals were roughly symmetrically distributed about the 0 

and none of the observations were individually influential. 
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3.5.2 Longitudinal model: Latent class growth analysis and logistic regression 

To identify the optimal latent class growth models, we compared class sizes and indices of fit 

between models of increasing number of latent classes. We used the Akaike Information Criterion 

(AIC) and the Bayesian Information Criterion (BIC) fit indices, with the lowest values indicating 

the best model. In addition, for the CHS study, we re-ran latent class analyses within sex strata to 

investigate differences in classification. Compared to classification in the overall cohort, 37 

females were reclassified as stable, and 20 males were reclassified as cognitive decline. 

A key assumption of the logistic regression model is that there is a linear relationship 

between the logit of the outcome and each continuous predictor or covariate. To verify that this 

assumption was met, we visually inspected scatter plots of each continuous variable versus the 

logit of the outcome. We checked for influential observations and outliers by visually inspecting 

standardized residuals and Cook’s distance values. Finally, we did another inspection of 

multicollinearity among variables by computing variance inflation factors. 

3.6 Handling Missing Data 

We followed the Treatment And Reporting of Missing data in Observational Studies (TARMOS) 

framework to select the appropriate method for handling missing data among both cohorts (135). 

To further explore the patterns of missingness in both cohorts, we created two dummy variables: 

the first, indicating whether the exposure variable was missing and the second, indicating whether 

any covariate value within a record was missing. We then conducted t-tests, Chi-square tests, and 

Wilcoxon Rank-Sum tests to verify whether the exposure, outcome, and covariate variables were 

significantly associated (p<0.05) with the indicators of missingness. In the REGARDS cohort, 

missingness in CRP was significantly associated with dyslipidemia and diabetes, however these 

variables also relied on blood assays. In CHS, there was a small percentage of missing exposure 
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and covariate values (<10% of records) and missingness was not associated with dementia in 

exploratory analyses. We therefore conducted complete case analyses, as it is presumed to provide 

an unbiased estimate of the exposure-outcome relationship if the reasons for missingness in any 

variable is unrelated to the outcome (135). Furthermore, multiple imputation would likely not 

increase efficiency given the small percentage of missingness in the CHS cohort and in the absence 

of strong auxiliary variables for CRP in the REGARDS cohort.  

For longitudinal analyses of cognitive decline in the CHS cohort, there were intermittent 

missing cognitive scores at annual follow-up assessments. We imputed missing scores with the 

mean of the adjacent non-missing values. Prior to mean imputation, we analyzed cognitive growth 

trajectories and found cognitive scores remained stable or showed a consistent decline over follow-

up, suggesting that mean imputation would not bias our results. However, the variability of the 

adjacent mean score to a given missing value may depend on time since baseline, thus the precision 

of the imputation may be reduced for imputed values further from cohort entry. After conducting 

latent class analyses without mean imputation, 21 participants were reclassified to the cognitive 

decline group and 4 participants were reclassified to the stable group, when compared to 

classification with mean imputation. 

3.8 Sensitivity Analyses 

We performed the following sensitivity analyses for which the results are detailed in the included 

manuscripts: 

1. Excluding those with self-reported AF: In the REGARDS cohort, AF status was defined 

as evidence of AF on ECG or self-reported previous diagnosis. Therefore, participants self-

reporting previous diagnosis of AF may have been misclassified, biasing our results. To 

account for this possible misclassification, we conducted a sensitivity analysis restricting 
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the cohort to those with ECG-confirmed AF. However, it is important to note that we were 

limited by a small sample size and those with intermittent AF may have been misclassified 

as non-AF cases by ECG. 

2. Effect modification by sex and APOE genotype: We also hypothesized that the association 

between inflammation and cognitive outcomes may differ depending on sex and APOE 

genotype. To test whether sex and APOE genotype were effect modifiers on the 

multiplicative scale, sensitivity analyses were performed by separately entering sex and 

APOE Ꜫ4 status as interaction terms in all models to assess the statistical significance of 

the estimated coefficient (p<0.05). If significant, we reported sex-specific estimates under 

the assumption that the covariates in the model are also modified by sex. If APOE Ꜫ4 status 

was a significant effect modifier, we additionally reported the exponentiated sum of the 

estimated beta coefficients for the inflammatory marker and interaction term rather than 

reporting strata-specific estimates as we presumed the effect of the covariates would be the 

same across APOE Ꜫ4 strata and to maintain statistical power. 

3. Stratum-specific estimates by incident stroke: As outlined in our conceptual model, 

incident stroke was hypothesized as a potential mediator of the exposure-outcome 

relationship. To further investigate how incident stroke impacted the exposure-outcome 

relationship, we obtained stratum-specific estimates by incident stroke. This was 

particularly important for the REGARDS cohort, as more than half of the participants were 

recruited from the Stroke Belt region of the United States, a region with higher rates of 

stroke (125). We compared the sub cohort-specific estimates to each other and to our 

estimates in the overall cohort to check for confounding or effect modification by incident 

stroke. 
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4. Restricting the follow-up period to assess the impact of missingness: For analyses of 

cognitive trajectories in the REGARDS cohort, we reduced the follow-up period to 

approximately 8 years, as only 53% of the cohort had 8 consecutive cognitive assessments 

out of a maximum of 16. Upon further investigation, a large proportion of those with 

missing cognitive assessments were due to death prior to dementia (n = 786, 37%). To 

investigate whether this degree of missingness impacted our estimates, we ran a sensitivity 

analysis restricting the follow-up period to approximately 4 years (< 20% missingness). 

5. Excluding those with MCI: While we excluded those with prevalent dementia in the CHS 

cohort, we retained those with MCI. As the cohort included 577 MCI cases and the study 

did not distinguish prevalent from incident cases, we did not exclude those with MCI as to 

not reduce our power. We instead conducted sensitivity analyses among the sub-cohort 

without MCI. 

6. Secondary analyses without mean imputation: In the CHS study, we re-ran logistic 

regression models using the latent class analysis results in the absence of mean imputation. 

As few participants were reclassified, there were no significant changes to the estimates. 

7. Secondary analyses with sex-specific classification: In the CHS study, we re-ran logistic 

regression models using the latent class analysis results generated within each sex strata. 

The sensitivity analyses showed no significant changes to the sex-specific estimates. 
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Chapter 4. Manuscript 1 

Preface 

The first manuscript addresses the following research objectives: 

1. Estimate the associations between CRP and incident dementia in aging adults with 

documented AF. 

2. Estimate the associations between CRP and cognitive decline in aging adults with 

documented AF. 

3. Investigate these associations within subgroups of interest: by sex. 

Ethics approval was granted from the University of Ottawa Heart Institute Research Ethics Board. 
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Abstract 

Background 

Despite strong evidence for an association between atrial fibrillation (AF) and cognitive decline 

independent of stroke, contributing pathways underlying this relationship remain unclear. 

Critically, elevated levels of inflammatory markers, such as C-reactive protein (CRP), common in 

AF, are associated with increased blood-brain barrier (BBB) permeability, leaving the brain 

vulnerable to the influx of neurotoxic proteins that may contribute to neuroinflammation and 

neurodegeneration. To examine the role of these markers in dementia risk, we estimated 

associations of CRP with cognitive decline and dementia among aging adults with AF. 

Methods 

We conducted an analysis of adults aged ≥45 years with prevalent AF and without cognitive 

impairment from prospectively collected Reasons for Geographic and Racial Differences in Stroke 

(REGARDS) cohort. Plasma CRP levels were ascertained at baseline and cognitive status 

measured annually using the Six-Item Screener (SIS). Competing risks Cox proportional hazards 

regression was used to estimate cause-specific hazard for dementia, defined as an SIS score ≤ 3. 

Cognitive trajectories were identified using latent class growth models. Using adjusted binomial 

logistic regression, we estimated associations between CRP and cognitive trajectories and 

examined interactions by sex. 

Results 

Among 2,109 AF cases, 285 developed dementia and 786 died prior to the development of 

dementia over a median 9-year follow-up. Elevated CRP levels were associated with mortality 

(hazard ratio [HR]=1.13; 95% confidence interval [CI] 1.08-1.19) but not incident dementia 

(HR=0.98; 95% CI: 0.91-1.04). Latent class analyses identified two unique cognitive trajectories, 
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with 91% showing a stable trajectory of cognitive status and 9% showing progressive cognitive 

decline. Sex-specific models indicated that, although a two-fold increase in CRP levels increased 

the odds of having a progressive cognitive decline trajectory by 9% among males (odds ratio 

[OR]=1.09; 95% CI: 1.01-1.17), no association between CRP levels and cognitive trajectory was 

observed among females (OR=1.04; 95% CI: 0.97-1.12). 

Conclusion 

Elevated CRP was associated with cognitive decline in aging males with AF, highlighting 

inflammatory-mediated BBB dysfunction as a potential contributing pathway linking AF to 

cognitive decline and warranting further investigation to confirm causality. 

Introduction 

Atrial fibrillation (AF) and dementia are growing epidemics in the aging population, with a global 

prevalence projected to rise above 60 million and 139 million respectively by 2050 (1,2). AF, the 

most common cardiac arrhythmia, is associated with an increased risk of morbidity and mortality, 

increasing stroke risk 5-fold (3), and dementia is a leading contributor of disability and dependence 

among older adults (4). Critically, AF patients are at a higher risk of cognitive decline and dementia 

independent of stroke (5,6), but despite strong evidence supporting this association, the underlying 

pathways linking AF to cognitive decline remain poorly understood. 

A potential contributing pathway of this association that has received relatively little 

attention in the clinical literature is the pro-inflammatory state common to both AF and dementia 

and its impact on the blood-brain barrier (BBB). Systemic inflammation in AF may increase BBB 

permeability which has been strongly related to cognitive decline and dementia (7). Increased BBB 

permeability subjects the brain to neurotoxins, activating central inflammatory responses, and 

impairs the clearance of amyloid beta (Aβ), leading to its accumulation and aggregation, and 
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resulting (7,8) in neurodegeneration, synaptic impairment, and neuronal damage associated with 

clinical dementia (7). Although elevated levels of inflammatory markers, including C-reactive 

protein (CRP) which is produced by the liver during the acute inflammatory response, have been 

associated with AF and BBB dysfunction (9–16), few studies have investigated associations 

between these markers and dementia in the AF population. CRP levels have been shown to increase 

in response to infection or inflammatory conditions, such as cardiovascular disease (CVD) (17). 

Since measuring BBB dysfunction is difficult in a clinical setting, the use of circulating 

inflammatory markers such as CRP, may provide insight into ongoing inflammatory processes that 

are known to influence BBB integrity. To examine the role of these markers in dementia risk, we 

estimated associations of plasma CRP with cognitive decline and dementia among aging adults 

with AF. 

Methods 

Data Source and Study Cohort 

The Reasons for Geographic And Racial Differences in Stroke (REGARDS) study is a prospective 

population-based cohort study of 30,183 Black and White individuals aged ≥45 years in the United 

States (18). Participants were randomly sampled from commercially available nationwide lists of 

residents using mail and telephone contact between 2003 and 2007 (19). Eligible participants 

underwent a baseline telephone interview and an in-home visit to provide measurements of 

physical and cognitive status (18) and were contacted by telephone at 6-month intervals with 

retrieval of medical records over a maximum follow-up period of 17 years (18). Further details on 

the methods are available elsewhere (18). 

The present study included participants with self-reported AF (n=2,163) or with evidence 

of AF on 12-lead electrocardiogram (ECG) (n=430). Those with baseline cognitive impairment 
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(n=2,557), defined as a Six-Item Screener (SIS) score ≤ 4 (20), or with missing CRP data (n=167) 

were excluded from this analysis. The REGARDS study was approved by Institutional Review 

Boards of participating institutions and all participants provided written informed consent. For the 

current study, ethics approval was granted by the University of Ottawa Heart Institute Research 

Ethics Board. 

Study Exposure 

The exposure was plasma CRP levels (mg/L) collected at the baseline in-home visit. Participants 

fasted 10 to 12 hours before the visit and blood samples were centrifuged at room temperature 

within 2 hours of collection (18). Separated serum and plasma samples were catalogued and re-

centrifuged at 60,000 g and 4°C, then stored at the Central laboratory at -80°C (18). CRP was 

measured using high-sensitivity, particle enhanced immunonephelometric assay (N High 

Sensitivity CRP, Dade Behring Inc., Deerfield, IL; interassay coefficients of variation 2.1–5.7%) 

(21). CRP was log2 transformed to correct for skewness. 

Outcomes 

The primary outcome was incident dementia, ascertained by trained technicians at baseline and 

annually over follow-up using the SIS. The SIS assesses global cognitive function and includes a 

three-item recall and a three-item temporal orientation (day of the week, month, year) (20) with a 

score ranging from 0 to 6. Dementia was defined as a score of 3 or less at any follow-up assessment, 

a cut-off previously shown to have a sensitivity of 88.7% and specificity of 88.0% for the diagnosis 

of dementia (20). The secondary outcome was cognitive decline, indexed as trajectories of SIS 

scores over time. 
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Covariates 

All models were adjusted for demographics, vascular risk factors, clinical comorbidities, and 

medication usage. These covariates were selected based on clinical rationale and evidence of their 

association with the exposure and outcome variables. Demographic covariates included self-

reported age, sex, race, education level, and urban group. Education was categorized as less than 

high school, high school graduate, some college, or college graduate and above. Urbanicity was 

categorized as rural if the census tract where the participant lived was ≤ 25% urban, mixed if the 

census tract was 25-75% urban, or urban if the census tract was ≥75% urban. Vascular risk factors 

included self-reported smoking and body mass index (BMI). Smoking was defined as never, past, 

or current smoker. BMI (kg/m2) was derived from measured height and weight at the baseline in-

home visit. Clinical comorbidities included self-reported stroke at baseline, history of heart 

disease, diabetes, hypertension, and dyslipidemia. Participants were categorized as having a 

history of heart disease if they had reported previous myocardial infarction, coronary artery bypass 

graft, bypass, angioplasty or stenting, or if they had evidence of myocardial infarction on ECG. 

Diabetes was defined as a fasting glucose ≥ 126 mg/dL, a non-fasting glucose ≥ 200 mg/dL, or 

self-reported use of diabetic medication. Hypertension was defined as a systolic blood pressure ≥ 

140 mm Hg or diastolic blood pressure ≥ 90 mm Hg recorded at the in-home visit. Dyslipidemia 

was defined as total cholesterol ≥ 240 mg/dL, low-density lipoprotein ≥ 160 mg/dL, high-density 

lipoprotein ≤ 40 mg/dL, or self-reported use of lipid lowering medication at baseline. Medications 

included self-reported use of antihypertensives, statins, antiplatelets, and anticoagulants during the 

baseline telephone interview. We also adjusted for SIS score recorded at baseline. 
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Statistical Analyses 

Descriptive statistics were used to characterize the study cohort by dementia status with respect to 

demographic and clinical variables, using Chi-square tests, t-tests, or Wilcoxon Rank-Sum tests. 

Cohort characteristics are presented as frequencies and proportions for categorical variables and 

means or medians for continuous variables (with measures of variation, including standard 

deviation and interquartile range). We followed the Treatment And Reporting of Missing data in 

Observational Studies (TARMOS) framework to select the appropriate method for missing data 

(22). Based on these guidelines, we conducted complete case analyses, excluding records with 

missing covariate data and confirmed that multiple imputation would likely not improve efficiency 

using descriptive analyses exploring associations of missingness with exposure and outcome 

variables. Cumulative incidence function curves were generated to display the incidence of 

dementia and death over follow-up for those with low (<1.0 mg/L), moderate (1.0 – 3.0 mg/L), 

and high baseline CRP levels (>3.0 mg/L) (23). 

For the primary analyses, Cause-specific competing risks Cox proportional hazards 

regression was used to estimate crude and adjusted hazard ratios for associations between CRP 

and incident dementia. A competing risks framework (24) was used to account for death as a 

competing risk between exposure and incident dementia. Time was parametrized as the number of 

days from the baseline in-home visit to the first occurrence of dementia, or to the last recorded 

cognitive assessment, or to the date of death prior to dementia, or loss to follow-up unrelated to 

death.  

For secondary analyses, to limit missingness, we restricted follow-up to 8 cognitive 

assessments, the maximum number of cognitive assessments for which the proportion of 

missingness was < 50%. Cognitive trajectories were identified using latent class growth models, a 
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semiparametric approach that identifies distinct classes with similar outcome trajectories over time 

(25). The number of latent classes were selected based on class sizes and Akaike Information 

Criterion (AIC) and the Bayesian Information Criterion (BIC) fit indices. Binomial logistic 

regression was used to estimate associations between CRP and trajectory groups. 

All models were adjusted for the above covariates. A multiplicative interaction term was 

used to determine effect modification by sex in all adjusted models, with strata-specific estimates 

estimated in the event of a statistically significant interaction (p<0.05). To ensure that inclusion of 

those with self-reported AF did not bias our results, we conducted a sensitivity analysis restricting 

the cohort to those with ECG-confirmed AF. To investigate the impact of incident stroke on model 

estimates, we conducted subgroup analyses among those both with and without incident stroke. 

Proportional hazards assumptions were assessed using Schoenfeld residual tests for each covariate 

and the global model (p<0.05) and visual inspection of plots of the scaled Schoenfeld residuals 

versus time. Plots of martingale residuals and logit of the outcome versus continuous covariates 

were visually inspected to detect non-linearity. To check for influential observations or outliers, 

we inspected plots of Dfbeta, Cook’s distance, and deviance residuals. All analyses were 

conducted using SAS V.9.4 (SAS Institute, Inc. Cary, North Carolina, USA) and R V.4.0.3. 

Results 

A total of 2,109 adults with evidence of AF, without baseline cognitive impairment, and non-

missing CRP values were included in the analytic cohort (Figure 4-4, Supplemental Material). 

Demographic and clinical characteristics of the cohort (overall and by dementia status) are 

presented in Table 4-1. Overall, the majority were White (65.6%) and female (55%). Individuals 

with dementia were significantly more likely to report using anticoagulants compared to those 

without dementia (29.1% versus 20.3%). Dementia cases were less likely to be female compared 
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to those without dementia (48.4% versus 56.1%). The median follow-up time was 9 years. Over 

the course of follow-up period, 285 individuals developed dementia and 786 individuals died prior 

to dementia incidence. In the adjusted models, 377 observations were deleted due to missingness. 

Table 4-1. Characteristics of Study Cohort by Dementia Status 

Characteristic 
Overall 

(N=2,109) 

No dementia  

(n=1,824) 

Dementia 

(n=285) 
p-value 

Age, years (mean ± SD) 67.1 ± 9.6 66.3 ± 9.6 71.9 ± 8.1 0.09 

Female, n (%) 1,161 (55.05) 1,023 (56.1) 138 (48.4) <0.0001 

Black race, n (%) 725 (34.4) 625 (34.3) 100 (35.1) 0.79 

Education    0.23 

Less than high school 251 (11.9) 207 (11.4) 44 (15.5)  

High school graduate 581 (27.6) 502 (27.6) 79 (27.8)  

Some college 574 (27.3) 501 (27.5) 73 (25.7)  

College graduate and above 699 (33.2) 611 (33.55) 88 (31.0)  

Income, n (%)    0.26 

< $20,000 440 (20.9) 374 (20.5) 66 (23.2)  

$20,000-34,000 (or 999) 533 (25.3) 458 (25.1) 75 (26.3)  

$35,000-74,000 (999) 588 (27.9) 519 (28.45) 69 (24.2)  

 ≥ $75,000 275 (13.0) 244 (13.4) 31 (10.9)  

Refused to respond 273 (12.9) 229 (12.55) 44 (15.4)  

Has health Insurance 1,978 (93.4) 1,707 (93.7) 271 (95.1) 0.36 

Urbanicity    0.41 

Rural 211 (11.1) 187 (11.4) 24 (9.4)  

Mixed 229 (12.1) 193 (11.8) 36 (14.1)  

Urban 1,455 (76.8) 1,260 (76.8) 195 (76.5)  

Alcohol    0.86 

Never 645 (30.6) 554 (30.4) 91 (31.9)  

Past 443 (21.0) 385 (21.1) 58 (20.35)  

Current 1,021 (48.4) 885 (48.5) 136 (47.7)  

Smoking    0.22 

Never 876 (41.65) 756 (41.6) 120 (42.25)  

Past 953 (45.3) 817 (44.9) 136 (47.9)  

Current 274 (13.0) 246 (13.5) 28 (9.9)  

BMI, kg/m2 (mean ± SD) 29.5 ± 6.4 29.6 ± 6.4 28.8 ± 6.5 0.06 

Exercise    0.08 

None 869 (41.8) 757 (42.1) 112 (40.0)  

1 to 3 times per week 667 (32.1) 587 (32.6) 80 (28.6)  

≥ 4 times per week 543 (41.8) 455 (25.3) 88 (31.4)  

Prior Medical History     
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History of stroke, n (%) 194 (9.3) 159 (8.8) 35 (12.3) 0.06 

Transient ischemic attack, n 

(%) 
141 (7.5) 125 (7.6) 16 (6.5) 0.53 

Hypertension, n (%) 122 (5.8) 111 (6.1) 11 (3.9) 0.13 

Diabetes mellitus, n (%)  514 (24.5) 449 (24.7) 65 (23.0) 0.52 

Dyslipidemia, n (%) 1,358 (65.0) 1,165 (64.6) 193 (68.0) 0.27 

History of heart disease, n 

(%) 
727 (35.3) 620 (34.9) 107 (38.1) 0.30 

Baseline medication use     

Anticoagulants, n (%) 453 (21.5) 370 (20.3) 83 (29.1) <0.001 

Antihypertensives, n (%) 1,319 (65.3) 1,148 (65.8) 171 (62.0) 0.21 

Statins, n (%) 818 (38.8) 711 (39.0) 107 (37.5) 0.64 

Antiplatelets, n (%) 170 (8.1) 143 (7.8) 27 (9.5) 0.35 

CRP, mg/L (median ± IQR) 2.6 ± 4.9 2.7 ± 5.0 2.4 ± 4.4 0.13 

Chi-square tests were used for all categorical variables; t-tests were used for age and BMI by dementia 

status; a Wilcoxon rank sum test was used for CRP by dementia status due to a skewed distribution. 

 

Primary Analyses: Incident dementia and death 

Estimated cumulative incidence functions displaying incident dementia and death over follow-up 

categorized by CRP level are shown in Figure 4-1 and 4-2 below. 

 

 

 

 

 

 

 



43 

 

Figure 4-1. Cumulative incidence function curves for dementia by C-reactive protein level (low: 

< 1.0 mg/L, moderate: 1.0–3.0 mg/L and high: > 3.0 mg/L) over the course of survival time (years). 

The dotted lines around each curve represent the 95% confidence interval. 

 

Figure 4-2. Cumulative incidence function curves for death by C-reactive protein level (low: < 

1.0 mg/L, moderate: 1.0–3.0 mg/L and high: > 3.0 mg/L) over the course of survival time (years). 

The dotted lines around each curve represent the 95% confidence interval. 
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Estimated cause-specific hazards for primary outcomes of incident dementia and death are 

displayed in Table 4-2. After adjustment for age, sex, race, urban group, education, smoking, 

baseline cognitive score, BMI, baseline stroke, history of heart disease, diabetes, dyslipidemia, 

statins, antihypertensives, antiplatelets, and anticoagulants and death as a competing risk 

(dementia outcome only), a 2-fold increase in CRP did not significantly increase the cause-specific 

hazard of dementia (HR 0.97; 95% CI 0.90-1.06) but did increase the rate of death by 13% (95% 

CI 1.08-1.19). Based on the non-significance of the interaction term in the adjusted model (p>0.9), 

sex was not an effect modifier on the multiplicative scale and models were estimated in the overall 

cohort only. 

Table 4-2. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between C-reactive protein (CRP) (mg/L) and 

incident dementia or death 

 Dementia Death 

Crude 

HR (95% CI) 

Adjusted* 

HR (95% CI) 

Crude 

HR (95% CI) 

Adjusted* 

HR (95% CI) 

CRP (mg/L) 

(in logarithm base 

2) 

0.98 (0.91 – 1.04) 0.97 (0.90 – 1.06) 1.13 (1.08 – 1.17) 1.13 (1.08 – 1.19) 

*Adjusting for age, sex, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, 

history of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  

Secondary Analyses: Trajectories of Cognitive Decline Among Adults With AF 

Latent class growth modeling indicated that data for AF patients were best modeled as two 

phenotypes with unique cognitive trajectories (Figure 4-3). The first phenotype, labeled “stable”, 

included 91% of the cohort and showed high SIS scores at baseline which remained stable over 15 

years of follow-up. The second phenotype, labeled “cognitive decline”, included 9% of the cohort 



45 

 

and had high SIS scores at baseline that progressively declined over the 15-year follow-up. As sex 

was a significant effect modifier in the adjusted logistic regression model (p=0.013), we reported 

sex-specific estimates of cognitive decline (Table 4-3). A 2-fold increase in CRP significantly 

increased the odds of cognitive decline by 9% among males (OR 1.09; 95% CI 1.01 – 1.17), after 

covariate adjustment. However, there was no significant association between CRP and cognitive 

decline among females (OR 1.04; 95% CI 0.97 – 1.12), after adjustment for covariates.  

Sensitivity Analyses 

Sensitivity analyses restricting the cohort to those with ECG-confirmed AF and stratifying by 

incident stroke did not impact the primary findings. However, in secondary analyses, after 

exclusion of those without incident stroke, the association between CRP and cognitive decline 

remained significant only for those with incident stroke during follow-up (Supplemental).  

Figure 4-3. Stable and declining trajectories of six-item screener (SIS) scores over time (years) 

among adults (aged 45+) identified and plot predicted using latent class growth modelling. The 

dotted lines around each trajectory represents the 95% confidence interval 
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Table 4-3. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between C-reactive protein (CRP) (mg/L) and cognitive 

decline relative to class 1 (Stable) 

 Female-specific model Male-specific model 

Crude 

OR (95% CI) 

Adjusted* 

OR (95% CI) 

Crude 

OR (95% CI) 

Adjusted* 

OR (95% CI) 

CRP (mg/L) 

(in logarithm base 

2) 

0.96 (0.90 – 1.01) 1.04 (0.97 – 1.12) 1.16 (1.09 – 1.23) 1.09 (1.01 – 1.17) 

*Adjusting for age, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, history 

of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  

 

Discussion 

In this longitudinal analysis of community-dwelling adults with AF, we found that elevated plasma 

levels of CRP, an inflammatory marker associated with CVD and BBB dysfunction (14–16), were 

associated with an increased rate of death, but not dementia after adjusting for demographic and 

clinical variables. Sex was not an effect modifier in adjusted models for incident dementia and 

death. Critically, we also showed that elevated CRP was associated with cognitive decline in aging 

males with AF. 

To our knowledge, this study is the first to investigate the association between CRP and 

cognitive decline in an AF population. Previous studies have assessed the association between 

CRP and cognitive function in the general population. Among these, cross-sectional studies have 

typically reported significant associations between elevated CRP and cognitive impairment (26–

30). However, longitudinal studies have had conflicting results (31–35). In another REGARDS 

study, higher CRP was associated with worse memory and verbal fluency at baseline but not 
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cognitive decline over follow-up of stroke-free adults at baseline (21). Others have reported that 

elevated CRP was associated with vascular dementia (VaD), but not Alzheimer’s dementia (AD) 

or all-cause dementia (32,36). Although we were unable to investigate dementia subtypes, our 

results were consistent with studies reporting no association of elevated CRP with all-cause 

dementia. As VaD tends to progress more rapidly when compared to AD (37), a sufficient follow-

up period may be required to detect symptoms of AD on neurocognitive batteries. Future studies 

should also consider investigating mixed pathologies, in which patients show signs of both AD 

and VaD, as it is increasingly recognized as the most common etiology of dementia in older adults 

(38–40). 

Conflicting prior findings may also reflect variable demographics, comorbidity and APOE 

Ꜫ4 prevalence, measures of cognition, and lengths of follow-up across studies. As dementia onset 

is typically after the age of 65 (37), sufficient follow-up is critical for younger cohorts. Our cohort 

had a mean age of 67 years and a median follow-up of 9 years. However, in the present study, 

dementia diagnosis relied on an SIS score ≤ 3. As the SIS is a brief cognitive screening instrument 

composed of only six simple cognitive tasks, it may result in a ceiling effect and a higher 

proportion of false negatives (41). Further, while this screener has been shown to be valid for 

dementia diagnoses, it does not involve all measures included in clinical criteria for dementia, such 

as comprehensive neuropsychological testing or assessment of activities of daily living. Domain-

specific cognitive measures relating to dementia, including memory and executive function, may 

be more sensitive when compared to tests of global cognitive function and both a longer follow-

up period and robust cognitive testing may have been required among individuals in this age 

stratum to detect dementia onset. For example, in a 25-year follow-up study with comprehensive 

neuroimaging and neuropsychological testing, higher CRP was associated with an increased risk 
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of all-cause dementia and dementia subtypes (34). However, this may be less important among an 

AF population, for whom are more likely to have a higher proportion of rapidly progressing VaD.  

BBB dysfunction has previously been associated with cognitive decline and has been found 

in AF (42–46). Currently, it is difficult to directly measure BBB dysfunction or CNS inflammation 

in vivo, at scale, therefore circulating inflammatory markers such as interleukins or CRP have been 

widely used to measure ongoing inflammation. Systemic inflammation in AF may increase BBB 

permeability (8), leaving the brain vulnerable to the influx of neurotoxic plasma proteins and 

infiltration of subtypes of immune cells that may contribute to neuroinflammatory and 

neurodegenerative processes (42,47–49). Previous studies have provided evidence of BBB 

dysfunction related to cognitive impairment (50), irrespective of Aβ and tau deposition (43), and 

in post-mortem brain tissue of AD patients (51). Findings from the present study provide 

preliminary evidence in support of this pathway contributing to cognitive decline, particularly 

among males with AF. Future studies using more sensitive markers of central infiltration may 

provide greater insights into the role of the BBB in AF-dementia risk. For example, recent studies 

have highlighted the potential role of brain-derived extracellular vesicles (EVs) as non-invasive 

indicators of neuropathology (52). The ability to measure brain-derived EVs indicative of central 

inflammation and BBB dysfunction would compliment recent studies describing EVs, and their 

associated cargo, that are altered in AD, Frontotemporal dementia, and small vessel disease (53–

56). 

Sex-specific differences in circulating biomarkers of inflammation have been previously 

reported, where females had higher levels of CRP (57). Our study findings demonstrated that 

elevated CRP was associated with cognitive decline among males but not females. In post hoc 

analyses, females in the cohort were younger than males (65.8 ± 9.5 versus 68.6 ± 9.6, 
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respectively). However, females had a longer follow-up period when compared to males (9.2 years 

versus 8.2 years, respectively). This finding highlights potential sex-specific differences in 

inflammatory pathways contributing to cognitive decline. While males tend to score higher on 

visuospatial tasks, females tend to have higher scores on tests of verbal memory (58), such as the 

SIS, which may explain the higher proportion of males in the cohort with dementia compared to 

females. However, whether these sex-specific findings reflect discrepancies in study methodology 

or true biological differences remains unknown. Given evidence for widespread sex differences in 

both the concentrations and effects of multiple inflammatory markers on CVD risk (57), future 

work should continue to consider sex in the evaluation of inflammatory-mediated BBB 

dysfunction for dementia risk. 

Further, whether BBB dysfunction contributes to dementia and dementia subtypes among 

those with AF remains unknown. As we found an association with cognitive decline but not 

dementia, CRP may be of greater value as an early biomarker of cognitive impairment. As 

dementia pathology progresses, CRP may begin to stabilize, limiting its predictive and 

discriminative utility. This tracks with evidence demonstrating cerebrospinal fluid and 

neuroimaging biomarkers sensitive to the onset and progression of cognitive impairment in 

dementia subjects (59). Given dementia’s long preclinical stage, such biomarkers would be of 

value in clinical decision-making and lengthen the therapeutic window for intervention (59). 

Future prospective studies using sensitive markers of BBB dysfunction and comprehensive 

cognitive measures, while exploring potential sex-specific differences, are required. 

The strengths of this study include a large population-based cohort with multiple cognitive 

assessments over a median follow-up time of 9 years. The prospective design allowed us to 

investigate temporal relationships between baseline CRP levels and cognitive decline, ruling out 
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reverse causality. We were also able to account for many confounding demographic and clinical 

variables with death as a competing risk. However, there were also several limitations. First, 

despite adjustment for many key confounders, we cannot discount the possibility of residual 

confounding. We lacked sufficient data on potential confounders, such as medication usage and 

APOE status and were also not able to examine effects by dementia subtype. Given prior findings 

that APOE Ꜫ4 carriers with elevated CRP levels had the greatest risk of memory impairment (60) 

and that elevated CRP levels are associated with a lower risk of cognitive decline in those without 

the APOE Ꜫ4 allele (35), potential interactions with APOE status in this analysis may have been 

missed. Second, we did not have information available on AF duration and subtype. Consequently, 

we were not able to identify those with the longest history or with persistent AF, who have the 

highest risk of dementia (61–65). Further, we were unable to confirm whether those with self-

reported AF truly had the condition. As such, subjects with self-reported AF may have been 

misclassified, particularly given the low anticoagulant use at baseline. Third, we were limited to 

considering CRP levels at one fixed timepoint. CRP is an acute-phase protein where levels can 

vary over time and perhaps more so among those with AF. Although CRP levels have been shown 

to be relatively stable over a 1-year period (66), longitudinal analyses beyond this time may require 

repeated prospective measurements of CRP. Repeated plasma measurements would allow us to 

distinguish between elevated CRP levels reflective of acute inflammatory events or ongoing 

chronic peripheral inflammation. Furthermore, while elevated CRP levels reflect systemic 

inflammation, they may not accurately reflect levels of inflammation in the CNS. However, animal 

studies have more clearly delineated the pathways linking plasma CRP to BBB dysfunction (67). 

Finally, in secondary analyses, subjects with greater cognitive decline may have been more likely 

to be lost to follow-up, biasing our results towards the null. 
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Conclusion 

Elevated levels of plasma CRP were associated with cognitive decline in aging males with AF.  

This study suggests that inflammatory-mediated BBB dysfunction may contribute to the risk of 

cognitive decline in AF populations. Future work would benefit from the use of sensitive markers 

of BBB dysfunction and central inflammation and comprehensive cognitive assessments, while 

considering possible sex-specific differences. 
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Table 4-4. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between C-reactive protein (mg/L) and 

incident dementia among sub-cohort with ECG-confirmed AF (n = 331) 

 
Crude 

HR (95% CI) 

Adjusted* 

HR (95% CI) 

CRP (mg/L) 

(in logarithm base 2) 
1.03 (0.88-1.20) 1.18 (0.97-1.43) 

*Adjusting for age, sex, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, 

history of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  

 

 

Table 4-5. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between C-reactive protein (mg/L) and 

incident dementia among cohort, stratified by incident stroke status 

 Without incident stroke 

(n = 1,881) 

With incident stroke 

(n = 228) 

Crude 

HR (95% CI) 

Adjusted* 

HR (95% CI) 

Crude 

HR (95% CI) 

Adjusted* 

HR (95% CI) 

CRP (mg/L) 

(in logarithm base 2) 
0.96 (0.89-1.04) 0.94 (0.86-1.03) 1.04 (0.88-1.24) 1.18 (0.95-1.47) 

*Adjusting for age, sex, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, 

history of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  
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Table 4-6. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between C-reactive protein (CRP) (mg/L) and cognitive 

relative to class 1 (Stable) among sub-cohort with ECG-confirmed AF (n = 311) 

 
Crude 

OR (95% CI) 

Adjusted* 

OR (95% CI) 

CRP (mg/L) 

(in logarithm base 2) 
0.98 (0.89-1.08) 1.03 (0.90-1.17) 

*Adjusting for age, sex, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, 

history of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  

 

Table 4-7. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between C-reactive protein (CRP) (mg/L) and cognitive 

relative to class 1 (Stable), stratified by incident stroke status 

 Without incident stroke 

(n = 1,745) 

With incident stroke 

(n = 207) 

Crude 

OR (95% CI) 

Adjusted* 

OR (95% CI) 

Crude 

OR (95% CI) 

Adjusted* 

OR (95% CI) 

CRP (mg/L) 

(in logarithm base 2) 
1.00 (0.96-1.05) 1.02 (0.97-1.08) 1.14 (1.03-1.27) 1.45 (1.22-1.72) 

*Adjusting for age, sex, race, urban group, education, baseline SIS score, smoking, BMI, baseline stroke, 

history of heart disease, diabetes, hypertension, dyslipidemia, statins, antihypertensives, antiplatelets, and 

anticoagulants.  

 

 



64 

 

Chapter 5. Manuscript 2 

Preface 

In the first manuscript we examined associations of CRP with incident cognitive decline and 

dementia among aging adults with AF. We also investigated effect modification of these 

associations by sex. While we addressed sub-aims of thesis objectives 1 through 3, the second 

manuscript addressed the following remaining objectives: 

1. Estimate the associations between plasma-based markers of inflammation (including 

fibrinogen, CRP, and IL-6) and incident dementia in aging adults with documented AF. 

2. Estimate the associations between plasma-based markers of inflammation (including 

fibrinogen, CRP, and IL-6) and cognitive decline and worsening white matter grade on 

MRI in aging adults with documented AF. 

3. Investigate these associations within subgroups of interest: by sex and APOE genotype. 

Ethics approval was granted from the University of Ottawa Heart Institute Research Ethics Board. 
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Abstract 

Background 

Despite evidence for associations between atrial fibrillation (AF) and cognitive decline 

independent of stroke, pathways underlying this relationship remain unclear. Elevated levels of 

peripheral inflammatory markers common in AF, are associated with increased blood-brain barrier 

(BBB) permeability, leaving the brain vulnerable to the influx of neurotoxic proteins that may 

contribute to neuroinflammation and neurodegeneration. To examine the role of these markers in 

dementia risk, we estimated associations of plasma C-reactive protein (CRP), interleukin-6 (IL-6), 

and fibrinogen with cognitive decline and dementia among aging adults both with and without AF. 

Methods 

We conducted an analysis of adults aged ≥ 65 years free of dementia from the prospective 

Cardiovascular Health Cognition Study. Plasma levels of CRP, IL-6, and fibrinogen were 

ascertained at baseline and follow-up. Dementia status was adjudicated by a committee of 

neurologists and psychiatrists and cognitive function was measured annually using the Modified 

Mini-Mental State Examination (3MS). Competing risks Cox proportional hazards regression was 

used to estimate associations between time-varying inflammatory markers and the onset of 

dementia. Cognitive trajectories were identified using latent class growth models. Using adjusted 

binomial logistic regression, we estimated associations between baseline inflammatory markers 

and cognitive trajectories. In all models, we examined associations in the overall cohort and 

stratified by AF status and examined interactions by sex and apolipoprotein E (APOE) Ꜫ4 status. 

Results 

Among 3,375 adults (505 with AF and 2,870 without), 480 developed dementia over a median 

follow-up of 9.3 years. Among those with or without AF, no associations between inflammatory 
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markers and dementia were observed. Latent class analyses identified two unique cognitive 

trajectories, with 82% showing a stable trajectory of cognitive status and 18% showing progressive 

cognitive decline. Among those with AF, elevated CRP and IL-6 increased the odds of cognitive 

decline by 10% (95% CI 1.05 – 1.15) and 32% (95% CI 1.22 – 1.44), respectively. Sex-specific 

models indicated that although a 1 g/L increase in fibrinogen increased the odds of cognitive 

decline by 57% among females with AF (95% CI 1.36-1.81), no association was observed among 

males with AF (odds ratio [OR] 1.13, 95% CI 0.99-1.30). Elevated levels of IL-6 showed 

significant associations with cognitive decline in the non-AF cohort as well (OR 1.12, 95% CI 

1.05 – 1.18). 

Among those with AF, inflammatory markers were more positively associated with 

cognitive decline in the presence of the APOE Ꜫ4 allele. However, in the non-AF sub-cohort, we 

detected qualitative interaction such that the inflammatory markers were positively associated with 

cognitive decline in the absence of the APOE Ꜫ4 allele and not associated or negatively associated 

with cognitive decline in the presence of the APOE Ꜫ4 allele.  

Conclusion 

While no significant associations were observed for dementia, elevated levels of IL-6 were 

associated with cognitive decline in aging adults both with and without AF. Further, elevated levels 

of CRP and fibrinogen were associated with cognitive decline among those with AF. Critically, 

sex and APOE genotype significantly modified these associations. Future work using more 

sensitive markers of central inflammation and BBB dysfunction are needed to confirm causality. 

Introduction 

Atrial fibrillation (AF) and dementia are growing epidemics of concern in the aging population. 

AF, the most common cardiac arrhythmia, has a global prevalence of over 37 million (1) and 
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dementia is a leading contributor of disability and dependence among older adults (2). AF 

independently increases the risk of stroke 5-fold (3), a well-known risk factor for dementia (4). 

However, there is increasing evidence for associations of AF with cognitive decline and dementia, 

independent of stroke (5). While various potential pathways underlying this association have been 

proposed (6), they remain unsubstantiated in clinical literature. A plausible contributing pathway 

linking AF to cognitive decline and dementia is inflammatory-mediated blood-brain barrier (BBB) 

dysfunction. A growing body of evidence demonstrates that inflammation is an important 

contributor to the initiation and perpetuation of AF (7–11) and to neurovascular and 

neurodegenerative changes in dementia (12–15). Systemic inflammation in AF may increase the 

permeability of the BBB which has been strongly related to cognitive decline and dementia (16). 

Increased BBB permeability leaves the brain vulnerable to the influx of neurotoxic blood-derived 

products into the central nervous system (CNS) (17). Evidence suggests that there is BBB 

dysfunction in the early stages of the Alzheimer’s disease (AD) progression (17–20) and that it 

may be an important early biomarker of cognitive dysfunction (21,22). Further, a recent study 

showed that AF was associated with systemic biomarkers of BBB disruption and neuronal injury 

(23). Although elevated levels of inflammatory markers, including C-reactive protein (CRP), 

interleukin-6 (IL-6), and fibrinogen, have been associated with AF (7,9–11,24,25) and BBB 

dysfunction (26–32), few studies have investigated associations between these markers and 

dementia in the AF population.  

IL-6 is a mediator of the acute phase inflammatory response and induces the hepatic 

synthesis of CRP and fibrinogen (33), and their levels have been shown to increase in response to 

infection or inflammatory conditions, such as cardiovascular diseases (CVD) (34–36). Since 

measuring BBB permeability is difficult in a clinical setting, the use of circulating inflammatory 
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markers may provide insight into ongoing inflammatory processes that are known to influence 

BBB integrity. The purpose of this study was to investigate this mechanistic link by estimating 

associations of plasma-based inflammatory markers (including CRP, IL-6, and fibrinogen) with 

incident cognitive decline and dementia among aging adults with versus without AF. We also 

examined effect modification of these associations by sex and by apolipoprotein E (APOE) Ꜫ4 

allele, a major genetic risk factor for AD, as previous population-based studies suggest that the 

effect of systemic inflammation on dementia and cognitive impairment vary according to these 

factors (37–40). 

Methods 

Data Source and Study Cohort 

The Cardiovascular Health Study (CHS) was a prospective cohort study in 5,888 adults aged 65 

or older (an original cohort of 5,201 in 1989-90 and a supplemental cohort of 687 predominantly 

Black participants in 1992-93) in four U.S. communities (41). Eligible participants were randomly 

sampled from Medicare eligibility lists in each area (41). Participants underwent baseline 

examinations and were followed through 1998-99 with annual clinical examinations, telephone 

interviews at 6-month intervals, and data were linked with Medicare claims (41). Cognitive 

function was evaluated annually using the Modified Mini-Mental State Examination (3MS) 

starting at year 3 (41). In 1998-99, an ancillary study, the Cardiovascular Health Cognition Study 

(CHCS), was initiated to classify dementia status among 3,608 CHS participants who agreed to 

have a brain MRI in 1991-94 and a cognitive test in the same year (42). Further details on the study 

design have been previously described (41). The present study included those from the CHCS and 

excluded those with prevalent dementia at baseline (n=3,375).  The institutional review board at 

each center approved the study and written informed consent was obtained from all participants. 
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For the current study, ethics approval was granted by the University of Ottawa Heart Institute 

Research Ethics Board. 

Exposures 

The exposures included plasma CRP (mg/L), IL-6 (pg/mL), and fibrinogen (mg/dL). CRP and IL-

6 were measured from blood samples collected at the baseline, year 5, and year 9. Fibrinogen was 

measured from blood samples collected at baseline and year 5. Participants fasted for 12 hours 

before the clinic visits (41). Plasma and serum samples were prepared and frozen at -70⁰C and 

were shipped weekly on dry ice to the Central Blood Analysis Laboratory (41). CRP and IL-6 were 

measured using enzyme-linked immunosorbent assay (43). Fibrinogen was measured with a 

modification of the von Clauss method, using a BBL Fibrometer (41). All other details on 

laboratory methods have been previously described (44). In all analyses, CRP and IL-6 were log2 

transformed to correct for skewness and fibrinogen was scaled down by a factor of 100. 

Outcomes 

The primary outcome was incident dementia. Detailed information regarding dementia 

classification has been previously described (42,45). In brief, using the data collected between 

1989 and 1999, the participants from the CHCS were classified as high or low risk for dementia 

(45). At 3 of the sites, surviving high-risk White participants and all surviving Black participants 

were invited into the clinic for neuropsychological testing (45). At the remaining site, all surviving 

participants were evaluated regardless of risk status or race (45). A committee of neurologists and 

psychiatrists classified all participants based on the available data (42). Participants who did not 

meet dementia criteria but who presented cognitive deficits were classified with mild cognitive 

impairment (MCI) (42). If the date of dementia onset was before entry into the CHS, the participant 
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was classified with prevalent dementia (42). Six participants were not classified due to a lack of 

sufficient information (42). 

The secondary outcome was cognitive decline, indexed as trajectories of 3MS scores over 

time. The 3MS assesses global cognitive function and extends the scope of the Mini-Mental State 

Examination, with a scoring range from 0 (worst) to 100 (best) (46). We also investigated 

worsening white matter grade (WMG) on MRI scans taken approximately 5 years apart (45). Based 

on a library of templates, scans were graded using a 10-point scale, ranging from 0 (no lesions) to 

9 (most lesions) (47). Change in WMG was categorized into 3 levels: no change or decrease in 

grade, 1 grade increase, or 2 or more grade increase. Further details are reported in the 

Supplemental Materials attached. 

Covariates 

All models were adjusted for demographics, vascular risk factors, clinical comorbidities, and 

medication use. These covariates were selected based on clinical rationale and evidence of their 

association with the exposure and outcome variables (3,4,48–55). Demographic covariates 

included self-reported age, sex, race, and highest level of education attained. Vascular risk factors 

included body mass index (BMI), smoking status, and cholesterol levels. BMI (kg/m2) was derived 

from measured height and weight at the baseline clinic examination. Smoking status was 

categorized as never, former, or current. Total cholesterol (mg/dL) was measured from blood 

samples collected at baseline. 

Clinical comorbidities included baseline hypertension, diabetes mellitus, left ventricular 

hypertrophy, stroke, congestive heart failure, and myocardial infarction. Hypertension was 

categorized as normal, borderline, or hypertensive. Borderline was defined as a systolic blood 

pressure between 140 – 159 mm Hg or a diastolic blood pressure between 90 – 94 mm Hg. 
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Hypertensive was defined as a systolic blood pressure ≥ 160 mm Hg, or a diastolic blood pressure 

≥ 95 mm Hg, or self-reported history of hypertension and use antihypertensive medication. 

Diabetes was defined as a fasting glucose ≥ 126 mg/dL or self-reported use of insulin or oral 

hypoglycemics. Left ventricular hypertrophy was defined as Minnesota Code 3 on baseline 

electrocardiogram (ECG) or sex-specific left ventricular mass on echocardiogram (males: >102 

g/m2; females: >88 g/m2). Self-reported history of stroke was validated by review of medical 

records (56). To validate self-reported congestive heart failure, the use of both diuretics and either 

digitalis or vasodilators or confirmation via medical records was required (56). Self-reported 

history of myocardial infarction was validated by baseline ECG or review of medical records (56). 

Medication use was assessed by medication inventory. Medications included baseline use of anti-

hypertensives and lipid-lowering medications. Use of anticoagulants and incident stroke were 

included as time-varying covariates in primary analyses. 

Genotyping methods have been previously described (57). In brief, the 3 major allelic 

forms of the APOE gene (Ꜫ2, Ꜫ3, and Ꜫ4) and its 6 genotypes were determined in the Core 

Molecular Genetics facility at the University of Vermont College of Medicine by the method of 

Hixson and Vernier (57,58). 

Statistical Analyses 

Descriptive statistics were used to characterize the study cohort overall and by AF status with 

respect to demographic and clinical variables, using Chi-square tests, Fischer’s exact test, t-tests, 

or Wilcoxon Rank-Sum tests. Cohort characteristics were presented as frequencies and proportions 

for categorical variables and means or medians for continuous variables (with measures of 

variation, including standard deviation and interquartile range). We followed the Treatment And 

Reporting of Missing data in Observational Studies (TARMOS) framework to select the 
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appropriate method to handle the missing data (59). Based on these guidelines, we conducted 

complete case analyses, excluding records with missing exposure and covariate data. 

For the primary analyses, Cause-specific competing risks Cox proportional hazards 

regression was used to estimate crude and adjusted hazard ratios for associations between time-

varying inflammatory markers and incident dementia. A competing risks framework (60) was used 

to account for death as a competing risk between exposure and incident dementia. Time was 

parametrized as the number of days from study entry to dementia diagnosis, or to the date of death, 

or to loss to follow-up unrelated to death, or to the end of the follow-up period (June 30, 1999).  

For secondary analyses, cognitive trajectories were identified using latent class growth 

models, a semiparametric approach that identifies distinct classes with similar outcome trajectories 

over time (61). Assessment of cognitive decline began at year 3, when the 3MS was first 

administered, and was parametrized as time 0. Missing cognitive scores were imputed with the 

mean of the adjacent non-missing values. The number of latent classes were selected to ensure 

large enough class sizes while minimizing the Akaike Information Criterion (AIC) and the 

Bayesian Information Criterion (BIC) fit indices. Binomial logistic regression was used to estimate 

associations between baseline inflammatory markers and trajectory groups. For exploratory 

analyses of worsening WMG, the cohort was limited to those in the CHCS with two MRI scans. 

Multinomial logistic regression was used to estimate crude and adjusted odds ratios for 

associations between baseline inflammatory markers and worsening WMG (results reported in the 

Supplemental materials attached). 

For all analyses, estimates were generated for the overall cohort and stratified by AF status 

(including both prevalent and incident cases). AF status was defined by ECG or self-report of a 

physician’s diagnosis of this condition (41). In primary analyses, AF was defined as those with 
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prevalent AF or incident AF prior to the development of dementia. To account for possible 

confounding, all models were adjusted for the above covariates. A multiplicative interaction term 

was used to determine effect modification by sex and APOE genotype in all adjusted models. In 

the event of statistically significant interaction (p<0.05), sex-specific models were estimated. In 

the event of interaction by APOE genotype, we additionally reported the exponentiated sum of the 

estimated beta coefficients for the inflammatory marker and interaction term. For sensitivity 

analyses we conducted two subgroup analyses to assess the impact on model estimates: the first, 

excluding those with MCI and the second excluding those with incident stroke.  

Proportional hazards assumption were assessed using Schoenfeld residual tests for each 

covariate and the global model (p<0.05) and visual inspection of plots of the scaled Schoenfeld 

residuals versus time. Plots of martingale residuals and logit of the outcome versus continuous 

covariates were visually inspected to detect non-linearity. To check for influential observations or 

outliers, we inspected plots of Dfbeta, Cook’s distance, and deviance residuals. All analyses were 

conducted using SAS V.9.4 (SAS Institute, Inc. Cary, North Carolina, USA) and R V.4.0.3. 

Results 

Characteristics of the Study Cohort 

A total of 3,375 adults from the CHCS without prevalent dementia were included in the analytic 

cohort, 505 with AF and 2,870 without. Demographic and clinical characteristics of the cohort 

(overall and by AF status) are presented in Table 5-1. Overall, the majority of participants were 

white (85.0%) and female (59.1%) with a mean age of 71.9 years. Compared to those without AF, 

those with AF were more likely to be older (73.1 ± 5.1 versus 71.7 ± 4.7), have a prior history of 

stroke (5.7% versus 2.3%), transient ischemic attack (TIA) (5.2% versus 1.7%), congestive heart 

failure (6.1% versus 1.7%), and myocardial infarction (12.7% versus 6.5%). They were also more 
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likely to have diabetes (16.5% versus 12.2%), hypertension (46.5% versus 39.8%), left ventricular 

hypertrophy (5.7% versus 3.3%), use anticoagulants (3.6% versus 0.5%), use antihypertensives 

(52.5% versus 41.8%), and have higher levels of CRP (2.7 ± 3.4 versus 2.3 ± 2.7) and IL-6 (1.9 ± 

1.4 versus 1.5 ± 1.2), compared to those without AF. They were less likely to be female (46.9% 

versus 61.2%) and Black (8.5% versus 15.6%) and had lower levels of cholesterol (203.1 ± 34.1 

versus 212.8 ± 38.7), compared to those without AF. Over a median follow-up of 9.3 years, 480 

(14%) individuals developed dementia and 2,479 (73%) died prior to any evidence of dementia. 

Table 5-1. Characteristics of the CHCS study cohort overall and by AF status 

Characteristic 
Overall 

(N=3,375) 

Without AF  

(n=2,870) 

AF  

(n=505) 
p-value 

Age, years (mean ± SD) 71.9 ± 4.8 71.7 ± 4.7 73.1 ± 5.1 <0.0001 

Female, n (%) 1,994 (59.1) 1,757 (61.2) 237 (46.9) <0.0001 

Black race, n (%) 492 (14.6) 449 (15.6) 43 (8.5) <0.0001 

Education    0.57 

High school or less 251 (11.9) 1,504 (52.5) 272 (53.9)  

More than high school 699 (33.2) 1,361 (47.5) 233 (46.1)  

Smoking    0.30 

Never 1,605 (47.6) 1,376 (48.0) 229 (45.4)  

Former 1,401 (41.6) 1,176 (41.0) 225 (44.6)  

Current 365 (10.8) 315 (11.0) 50 (9.9)  

BMI, kg/m2 (mean ± SD)  26.5 ± 4.4 26.5 ± 4.4 26.8 ± 4.4 0.10 

Cholesterol, mg/dL (mean ± SD) 211.4 ± 38.2 212.8 ± 38.7 203.1 ± 34.1 <0.0001 

Medical History, n (%)     

History of stroke 94 (2.8) 65 (2.3) 29 (5.7) <0.0001 

Transient ischemic attack 76 (2.3) 50 (1.7) 26 (5.2) <0.0001 

Left ventricular hypertrophy 120 (3.7) 92 (3.3) 28 (5.7) 0.01 

Hypertension    0.01 

Normal 1,520 (45.1) 1,321 (46.1) 199 (39.4)  

Borderline 477 (14.2) 406 (14.2) 71 (14.1)  

Hypertensive 1,375 (40.8) 1,140 (39.8) 235 (46.5)  

Diabetes mellitus  427 (12.8) 344 (12.2) 83 (16.5) 0.01 

Congestive heart failure 79 (2.3) 48 (1.7) 31 (6.1) <0.0001 

Myocardial infarction 249 (7.4) 185 (6.5) 64 (12.7) <0.0001 

Baseline medication use, n (%)     

Anticoagulants 32 (1.0) 14 (0.5) 18 (3.6) <0.0001 

Antihypertensives 1,463 (43.4) 1,198 (41.8) 265 (52.5) <0.0001 

Lipid-lowering medication 177 (5.3) 149 (5.2) 28 (5.5) 0.75 

APOE Ꜫ4, n (%) 745 (24.2) 635 (24.3) 110 (23.5) 0.72 
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Baseline CRP, mg/L (median ± IQR) 2.3 ± 2.9 2.3 ± 2.7 2.7 ± 3.4 0.004 

Baseline IL-6, pg/mL (median ± IQR) 1.6 ± 1.2 1.5 ± 1.2 1.9 ± 1.4 <0.0001 

Baseline fibrinogen, mg/dL (mean ± SD) 317.0 ± 62.5 316.7 ± 62.5 318.6 ± 62.6 0.54 
Chi-square tests were used for all categorical variables with the exception of anticoagulant use, where a 

Fischer’s exact test was used; t-tests were used for age, BMI, cholesterol, and fibrinogen by AF status; a 

Wilcoxon rank sum test was used for CRP and IL-6 by AF status due to skewed distributions. 

Missing values (n): smoking = 4, BMI = 9, cholesterol = 20, left ventricular hypertrophy = 96, hypertension 

= 3, diabetes = 44, anticoagulants = 6, antihypertensives = 6, lipid-lowering medication = 6, APOE = 291, 

CRP = 33, IL-6 = 261, fibrinogen = 37. 

Primary Analyses: Incident Dementia 

Estimated cause-specific hazards ratios for incident dementia and death are displayed in Table 5-

2. Based on the non-significance of the introduced interaction terms, sex was not an effect modifier 

on the multiplicative scale. After adjustment for age, sex, race, education, smoking, hypertension, 

BMI, cholesterol, diabetes, baseline stroke, left ventricular hypertrophy, congestive heart failure, 

myocardial infarction, antihypertensive use, lipid-lowering medication use, and time-varying 

adjustment for incident stroke and anticoagulant use, and accounting for death as a competing risk 

(dementia outcome only), an increase in any of the three inflammatory markers did not 

significantly increase the cause-specific hazard of dementia or death among those with AF.   

Among those without AF and in the overall cohort, an increase in any of the three 

inflammatory markers did not significantly increase the cause-specific hazard of dementia after 

adjustment for the same covariates. However, elevated levels of all three inflammatory markers 

significantly increased the rate of death. Further, APOE genotype was a significant effect modifier 

of the relationship between IL-6 and dementia (interaction term p-value=0.015). While the 

presence of the APOE Ꜫ4 allele appeared to attenuate the relationship between IL-6 and dementia, 

the association was not significant (HR 0.88, 95% CI 0.70-1.11). Sensitivity analyses excluding 
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those with MCI (n = 577) or incident stroke (n = 671) did not impact the observed estimates. 

Results from sensitivity analyses are displayed in the attached Supplemental Materials. 

Table 5-2. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between inflammatory markers and incident 

dementia or death 

Cohort 
Time-varying 

exposure† 

Dementia 

HR (95% CI) 

Death 

HR (95% CI) 

Crude Adjusted* Crude Adjusted* 

Adults with AF 

prior to incident 

dementia 

(n=505) 

CRP 1.03 (0.88-1.20) 0.98 (0.84-1.15) 1.00 (0.94-1.06) 0.98 (0.92-1.05) 

IL-6 1.13 (0.85-1.51) 0.93 (0.67-1.29) 1.19 (1.06-1.34) 1.12 (0.99-1.28) 

Fibrinogen 0.99 (0.69-1.44) 0.91 (0.61-1.36) 1.04 (0.91-1.19) 1.01 (0.87-1.17) 

Adults without 

AF (n=2,870) 

CRP 0.96 (0.90-1.02) 0.96 (0.90-1.03) 1.03 (1.00-1.06) 1.04 (1.01-1.07) 

IL-6 1.25 (1.12-1.40) 1.11 (0.98-1.26) 1.19 (1.13-1.25) 1.16 (1.09-1.22) 

IL-6*APOE Ꜫ4 1.07 (0.87-1.31) 0.88 (0.70-1.11)   

Fibrinogen 1.22 (1.06-1.41) 1.09 (0.93-1.27) 1.16 (1.08-1.24) 1.09 (1.02-1.18) 

Overall cohort 

(n=3,375) 

CRP 0.97 (0.91-1.02) 0.97 (0.91-1.03) 1.03 (1.00-1.06) 1.03 (1.00-1.06) 

IL-6 1.23 (1.11-1.36) 1.08 (0.97-1.21) 1.20 (1.15-1.26) 1.15 (1.09-1.21) 

IL-6*APOE Ꜫ4 1.04 (0.86-1.27) 0.87 (0.70-1.08)   

Fibrinogen 1.18 (1.04-1.35) 1.06 (0.92-1.23) 1.15 (1.08-1.22) 1.09 (1.02-1.16) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

incident stroke (time-varying), left ventricular hypertrophy, congestive hart failure, myocardial infarction, 

antihypertensives, lipid-lowering medication, and anticoagulant use (time-varying).  

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 

Secondary Analyses: Trajectories of Cognitive Decline Among Adults with and without AF 

Latent class growth modeling indicated that data were best modeled as two phenotypes with unique 

cognitive trajectories (Figure 5-1). The first phenotype, labeled “stable”, included 82% of the 

cohort (n=2,773) and showed high 3MS scores at baseline which remained stable over follow-up. 
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The second phenotype, labeled “cognitive decline”, included 18% (n=602) of the cohort and had 

3MS scores that progressively declined over follow-up. 

Figure 5-1. Stable and declining trajectories of Modified Mini-Mental State Examination (3MS) 

scores over time (years) among adults (aged 65+) identified and plot predicted using latent class 

growth modelling. The dotted lines around each trajectory represents the 95% confidence interval 

 

Table 5-3 presents the results from the logistic regression models for cognitive decline where sex 

was not a significant effect modifier. After adjustment for age, sex, race, education, smoking, 

hypertension, BMI, cholesterol, diabetes, baseline stroke, left ventricular hypertrophy, congestive 

heart failure, myocardial infarction, and baseline medication use (antihypertensives, lipid-lowering 

medications, and anticoagulants), a 2-fold increase in baseline IL-6 increased the odds of cognitive 

decline by 32% (95% CI 1.22-1.44) among those with AF. We found that APOE genotype 

significantly modified the effect of CRP on cognitive decline (interaction term p-value <0.001). 

For those without the APOE Ꜫ4 allele, a 2-fold increase in CRP increased the odds of cognitive 



79 

 

decline by 10% (95% CI 1.05 – 1.15). Whereas, in the presence of the APOE Ꜫ4 allele the effect 

of CRP on cognitive decline was more pronounced (OR 1.31, 95% CI 1.19-1.45). 

Among those without AF, APOE genotype was also a significant effect modifier of the 

association between IL-6 and cognitive decline (interaction term p-value <0.001), however we 

found qualitative interaction as it had the opposite effect compared to those with AF. In non-AF 

participants without the APOE Ꜫ4 allele, a 2-fold increase in IL-6 increased the odds of cognitive 

decline by 12% (95% CI 1.05-1.18). However, this association was attenuated and non-significant 

in the presence of the APOE Ꜫ4 allele (OR 0.92, 95% CI 0.82-1.03). No significant association 

was observed between fibrinogen and cognitive decline among those without the APOE Ꜫ4 allele. 

However, in the presence of the APOE Ꜫ4 allele, a 1 g/L increase in fibrinogen decreased the odds 

of cognitive decline by 23%. In sensitivity analyses excluding those with MCI or incident stroke, 

associations with IL-6 in both cohorts and with CRP in the AF cohort with the APOE Ꜫ4 allele 

remained significant (see Supplemental Materials attached). 

Table 5-3. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between inflammatory markers and cognitive relative to class 

1 (Stable) 

Cohort Baseline Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Crude Adjusted* 

Adults with prevalent 

or incident AF 

(n=1,174) 

CRP 1.11 (1.06-1.15) 1.10 (1.05-1.15) 

CRP*APOE Ꜫ4 1.36 (1.25-1.49) 1.31 (1.19-1.45) 

IL-6 1.33 (1.24-1.42) 1.32 (1.22-1.44) 

Adults without AF 

(n=2,201) 

IL-6 1.29 (1.23-1.35) 1.12 (1.05-1.18) 

IL-6*APOE Ꜫ4 1.11 (1.00-1.23) 0.92 (0.82-1.03) 

Fibrinogen 1.16 (1.09-1.24) 0.97 (0.90-1.05) 

Fibrinogen*APOE Ꜫ4 0.94 (0.82-1.09) 0.77 (0.66-0.90) 

Overall cohort 

(n=3,375) 

CRP 1.09 (1.06-1.11) 1.04 (1.02-1.07) 

IL-6 1.30 (1.25-1.35) 1.17 (1.12-1.23) 

IL-6*APOE Ꜫ4 1.24 (1.14-1.35) 1.05 (0.95-1.15) 
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*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 

Secondary Analyses: Sex-specific Effects 

Sex was a significant effect modifier in the adjusted logistic regression models for fibrinogen in 

the AF and overall cohort and for CRP in the non-AF cohort. Sex-specific estimates are reported 

in Table 5-4. While we found a positive association between fibrinogen and cognitive decline 

among females with AF (OR 1.57, 95% CI 1.36-1.81), no significant association was found in 

males. Further, we found significant effect modification by APOE Ꜫ4 status, where the observed 

association was significantly stronger in the presence of the APOE Ꜫ4 allele (OR 2.27, 95% CI 

1.71-3.00). 

In the overall cohort, a 1 g/L increase in fibrinogen increased the odds of cognitive decline 

by 17% among females (95% CI 1.08-1.27). Whereas, among males without the APOE Ꜫ4 allele, 

a 1 g/L fibrinogen did not significantly increase the odds of cognitive decline (OR 1.03, 95% CI 

0.94-1.13). However, in the presence of the APOE Ꜫ4 allele, fibrinogen was negatively associated 

with cognitive decline (OR 0.74, 95% CI 0.61-0.89). These associations remained consistent in 

sensitivity analyses excluding those with MCI or incident stroke (see Supplemental Materials 

attached). 
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Table 5-4. Sex-specific binomial logistic regression models showing crude and adjusted odds 

ratios (OR) and 95% confidence intervals (95% CI) between inflammatory markers and cognitive 

relative to class 1 (Stable) 

Cohort Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Female-specific model Male-specific model 

Crude Adjusted* Crude Adjusted* 

Adults with 

prevalent or 

incident AF 

(n=1,174) 

Fibrinogen 1.62 (1.43-1.83) 1.57 (1.36-1.81) 1.20 (1.07-1.35) 1.13 (0.99-1.30) 

Fibrinogen*APOE 

Ꜫ4 
2.59 (2.00-3.35) 2.27 (1.71-3.00) 

  

Adults 

without AF 

(n=2,201) 

CRP 1.11 (1.07-1.15) 1.04 (1.00-1.09) 1.04 (0.99-1.09) 0.96 (0.90-1.01) 

Overall 

cohort 

(n=3,375) 

Fibrinogen 1.36 (1.27-1.45) 1.17 (1.08-1.27) 1.11 (1.03-1.20) 1.03 (0.94-1.13) 

Fibrinogen*APOE 

Ꜫ4 
  0.95 (0.79-1.10) 0.74 (0.61-0.89) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP was log2 transformed to correct for skewness and fibrinogen was scaled down by a factor of 100. 

Discussion 

This study demonstrated no significant associations of CRP, IL-6, and fibrinogen with dementia 

among those with AF or without AF. In those with AF, we observed positive associations of CRP, 

IL-6, and fibrinogen with cognitive decline. Fibrinogen displayed a sex-specific effect where the 

association was only significant in AF females. Among those without AF, we observed positive 

associations of IL-6 with cognitive decline. Further, effect modification by APOE Ꜫ4 status had 

an opposite effect in the AF subgroup compared to the non-AF subgroup. Where the presence of 
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APOE Ꜫ4 allele increased the observed associations in those with AF, they were attenuated in the 

non-AF cohort. 

Previous studies have investigated associations of these inflammatory markers with 

cognitive decline and dementia in the general population, irrespective of AF status. Among them, 

cross-sectional studies have typically reported significant associations of elevated CRP, IL-6 and 

fibrinogen with cognitive decline and dementia (38,62–67). However, prospective findings have 

been inconsistent, particularly for investigations of CRP (68–71). Two studies found that higher 

CRP was associated with vascular dementia (VaD) but not AD or all-cause dementia (72,73). In 

our study, CRP had the weakest association with cognitive decline, suggesting that IL-6 and 

fibrinogen are more sensitive markers of cognitive impairment. This is not surprising as IL-6 is a 

major pro-inflammatory cytokine that induces the hepatic synthesis of CRP and fibrinogen (33) 

and fibrinogen plays a key role in both inflammation and hemostasis and vascular pathology is 

increasingly recognized as an important contributor to dementia (15,74–77). Fibrinogen has 

deleterious effects on the majority of the CNS cells and has been linked to impairments in 

oligodendrocyte maturation, axonal damage, and increased production of reactive oxygen species 

from microglia (78,79). Further, evidence shows that fibrinogen co-localizes with amyloid beta in 

the CNS, impairing its clearance and creating a prothrombotic and proinflammatory environment 

that leads to neurodegeneration (75,76).   

Heterogeneity across the literature may also reflect variable age ranges, follow-up periods, 

and measures of cognition. In our study cohort, with a mean age of 71.9 and median follow-up of 

9.3 years, inflammatory markers were not associated with dementia. However, in the Honolulu-

Asia Aging Study, where a cohort with a mean age of 55 was followed for 25 years, higher CRP 

was associated with an increased risk of all-cause dementia and dementia subtypes (80), suggesting 
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that these markers may be of greater value as an early indicator of dementia in midlife. As dementia 

pathology progresses, inflammatory markers may begin to saturate, limiting their predictive and 

discriminative utility. This tracks with evidence demonstrating cerebrospinal fluid and 

neuroimaging biomarkers sensitive to the onset and progression of cognitive impairment in 

dementia subjects (81). Given dementia’s long preclinical stage, such biomarkers would be of 

value in clinical decision-making and lengthen the therapeutic window for intervention (81). 

We also found sex-specific differences of the association between fibrinogen and cognitive 

decline. While AF females with elevated fibrinogen had higher odds of cognitive decline, we found 

no significant association among AF males. In post-hoc analyses, we found that AF females were 

more likely to have an incident stroke than AF males (22.0% versus 18.2%, p = 0.007). However, 

when excluding those with incident stroke, the association remained significant. Given evidence 

for widespread sex differences in both the concentrations and effects of multiple inflammatory 

markers on CVD risk (82,83), future work should continue to consider sex in the evaluation of 

inflammatory-mediated BBB dysfunction for dementia risk. 

Previous cohort studies have reported a larger association between CRP and cognitive 

decline among APOE Ꜫ4 carriers (38,39). Contrary to our findings, a cohort study reported that 

higher levels of CRP were associated with an increased risk of AD only in APOE Ꜫ4 carriers, 

particularly in the absence of cardiovascular disease (37). We found that among those with AF, 

APOE Ꜫ4 interacted with inflammatory markers to increase the odds of cognitive decline. Whereas 

in the non-AF cohort, APOE Ꜫ4 interacted with inflammatory markers, diminishing the odds of 

cognitive decline. Inflammatory-mediated BBB dysfunction may play a larger role among APOE 

Ꜫ4 carriers with AF, who presumably have both vascular and AD pathologies contributing to 

cognitive decline. As the APOE Ꜫ4 allele has been shown to contribute to BBB dysfunction (21), 



84 

 

both APOE Ꜫ4- and inflammatory-mediated BBB dysfunction may exacerbate cognitive decline 

among those with AF. Whereas in the non-AF cohort, controlling for other vascular risk factors, 

these inflammatory markers may contribute less to cognitive decline and dementia among APOE 

Ꜫ4 carriers with pure AD pathology. Domain-specific cognitive testing may provide a better 

understanding on how APOE carrier status influences inflammatory-related cognitive trajectories 

in the AF and non-AF populations. As AF is associated with decline in executive function (84), 

the hallmark clinical presentation of VaD (54), and APOE Ꜫ4 is thought to primarily influence 

memory (85), AF participants with the APOE Ꜫ4 allele may present faster rates of cognitive decline 

across multiple domains. 

The strengths of this study include a large well-characterized cohort of older adults with a 

median follow-up period of 9.3 years. The prospective design allowed us to investigate temporal 

relationships between inflammatory markers and cognition, ruling out reverse causality. While 

previous studies are often limited by the measurement of inflammatory markers at one fixed 

timepoint, we were able to account for fluctuations in levels over time in primary analyses. As 

dementia status and onset were adjudicated by a review committee of neurologists and 

psychiatrists regardless of loss to follow-up or mortality, outcome misclassification is less likely. 

We were also able to control for many confounding demographic and vascular risk factors and 

account for death as a competing risk.  

There were also several limitations to our study. First, due to a limited number of prevalent 

AF cases, we included incident AF cases in our stratified analyses. Therefore, we were not able to 

establish AF as a precursor to systemic inflammation. However, evidence suggests that 

inflammation may lead to AF and that AF in turn promotes inflammation (86), suggesting that AF 

may not necessarily precede inflammation. Further, younger AF patients are more likely to develop 
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dementia compared to older patients (87), suggestive of a dose-response relationship. As such, 

incident AF is unlikely to significantly contribute to dementia over the observed follow-up period. 

Future studies should investigate AF duration and subtype as those with the longest history or with 

persistent AF have the highest risk of dementia (87–91). In addition, we were unable to confirm 

whether those with self-reported AF truly had the condition. Therefore, subjects with self-reported 

AF may have been misclassified, particularly given the low anticoagulant use at baseline. Second, 

non-significant associations in primary analyses may be attributed to low statistical power. Third, 

incident stroke, TIA, and silent cerebral infarcts may be an intermediate on the causal pathway 

accounting for the observed associations. However, sensitivity analyses revealed that many 

associations remained significant when excluding those with incident stroke. Fourth, subjects with 

missing 3MS scores may have been more likely to be lost to follow-up due to progressive cognitive 

decline, biasing our results towards the null. Finally, as inflammatory markers were measured from 

plasma, systemic inflammation may not accurately reflect BBB dysfunction and inflammation in 

the CNS. Future studies should aim to use more sensitive markers of BBB dysfunction. For 

example, recent studies have highlighted the potential role of brain-derived extracellular vesicles 

(EVs) as indicators of neuropathology (92). The ability to measure brain-derived EVs indicative 

of central inflammation and BBB dysfunction would compliment recent studies describing EVs, 

and their associated cargo, that are altered in AD, Frontotemporal dementia, and small vessel 

disease (93–96). 
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Supplemental Materials 

Table 5-5. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between inflammatory markers and incident 

dementia or death, excluding those with MCI (n = 577) 

Cohort 
Time-varying 

exposure† 

Dementia 

HR (95% CI) 

Death 

HR (95% CI) 

Crude Adjusted* Crude Adjusted* 

Adults with AF 

prior to incident 

dementia (n=409) 

CRP 1.04 (0.89-1.21) 0.98 (0.83-1.15) 1.04 (0.97-1.12) 1.05 (0.97-1.13) 

IL-6 1.16 (0.88-1.54) 1.00 (0.72-1.38) 1.17 (1.02-1.33) 1.09 (0.94-1.25) 

Fibrinogen 1.06 (0.73-1.54) 0.90 (0.60-1.35) 1.05 (0.90-1.23) 1.04 (0.87-1.24) 

Adults with no AF 

(n=2,389) 

CRP 0.97 (0.91-1.03) 0.97 (0.90-1.04) 1.02 (0.99-1.05) 1.03 (0.99-1.06) 

IL-6 1.27 (1.14-1.42) 1.10 (0.98-1.25) 1.23 (1.16-1.30) 1.18 (1.11-1.26) 

IL-6*APOE Ꜫ4 1.08 (0.88-1.34) 0.88 (0.70-1.12)   

Fibrinogen 1.25 (1.08-1.44) 1.09 (0.93-1.28) 1.13 (1.05-1.22) 1.08 (1.00-1.18) 

Overall cohort 

(n=2,798) 

CRP 0.98 (0.92-1.03) 0.97 (0.91-1.03) 1.03 (1.00-1.06) 1.03 (1.00-1.06) 

IL-6 1.25 (1.13-1.39) 1.08 (0.97-1.21) 1.23 (1.17-1.30) 1.17 (1.11-1.24) 

IL-6*APOE Ꜫ4 1.25 (1.11-1.40) 0.88 (0.71-1.10)   

Fibrinogen 1.22 (1.07-1.40) 1.07 (0.92-1.24) 1.13 (1.05-1.21) 1.09 (1.02-1.18) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

incident stroke (time-varying), left ventricular hypertrophy, congestive hart failure, myocardial infarction, 

antihypertensives, lipid-lowering medication, and anticoagulant use (time-varying).  

https://www.frontiersin.org/article/10.3389/fcell.2021.667369
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†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 

 

Table 5-6. Cause-specific Cox proportional hazards model showing crude and adjusted hazard 

ratios (HR) and 95% confidence intervals (95% CI) between inflammatory markers and incident 

dementia or death, excluding those with incident stroke (n = 671) 

Cohort 
Time-varying 

exposure† 

Dementia 

HR (95% CI) 

Death 

HR (95% CI) 

Crude Adjusted* Crude Adjusted* 

Adults with AF 

prior to incident 

dementia 

(n=356) 

CRP 

 
0.96 (0.76-1.20) 0.95 (0.73-1.24) 1.02 (0.95-1.09) 1.01 (0.92-1.10) 

IL-6 1.00 (0.66-1.51) 0.83 (0.53-1.32) 1.16 (1.01-1.33) 1.08 (0.93-1.26) 

Fibrinogen 0.84 (0.49-1.45) 0.70 (0.36-1.36) 1.04 (0.90-1.22) 1.02 (0.86-1.21) 

Adults with no 

AF (n=2,254) 

CRP 0.93 (0.86-1.00) 0.95 (0.87-1.03) 1.03 (0.99-1.06) 1.03 (1.00-1.07) 

IL-6 1.24 (1.09-1.42) 1.11 (0.96-1.29) 1.22 (1.15-1.29) 1.18 (1.11-1.25) 

IL-6*APOE Ꜫ4 1.01 (0.78-1.29) 0.91 (0.69-1.21)   

Fibrinogen 1.25 (1.05-1.48) 1.11 (0.92-1.34) 1.14 (1.06-1.23) 1.08 (1.00-1.17) 

Overall cohort 

(n=2,610) 

CRP 0.93 (0.87-1.00) 0.95 (0.88-1.03) 1.03 (1.00-1.06) 1.03 (1.00-1.06) 

IL-6 1.20 (1.05-1.36) 1.07 (0.93-1.23) 1.22 (1.16-1.29) 1.16 (1.10-1.23) 

IL-6*APOE Ꜫ4 0.97 (0.76-1.23) 0.86 (0.66-1.13)   

Fibrinogen 1.19 (1.01-1.40) 1.09 (0.91-1.30) 1.13 (1.06-1.21) 1.08 (1.00-1.16) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive hart failure, myocardial infarction, antihypertensives, lipid-

lowering medication, and anticoagulant use (time-varying).  

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 
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Table 5-7. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between inflammatory markers and cognitive relative to class 

1 (Stable), excluding those with MCI (n = 577) 

Cohort Baseline Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Crude Adjusted* 

Adults with 

prevalent or 

incident AF (n=988) 

CRP 1.09 (1.04-1.14) 1.03 (0.98-1.08) 

CRP*APOE Ꜫ4 1.39 (1.27-1.54) 1.24 (1.11-1.38) 

IL-6 1.34 (1.25-1.45) 1.27 (1.16-1.40) 

Adults without AF 

(n=1,810) 

IL-6 1.36 (1.29-1.44) 1.20 (1.12-1.28) 

IL-6*APOE Ꜫ4 1.19 (1.06-1.35) 1.04 (0.91-0.1.16) 

Fibrinogen 1.11 (1.03-1.20) 0.93 (0.85-1.02) 

Fibrinogen*APOE Ꜫ4 0.93 (0.79-1.09) 0.77 (0.65-0.92) 

Overall cohort 

(n=2,798) 

CRP 1.06 (1.03-1.09) 1.00 (0.97-1.04) 

IL-6 1.35 (1.29-1.42) 1.21 (1.15-1.28) 

IL-6*APOE Ꜫ4 1.32 (1.20-1.46) 1.13 (1.02-1.27) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 
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Table 5-8. Sex-specific binomial logistic regression models showing crude and adjusted odds 

ratios (OR) and 95% confidence intervals (95% CI) between inflammatory markers and cognitive 

relative to class 1 (Stable), excluding those with MCI (n = 341 females; n = 236 males) 

Cohort 
Baseline 

Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Female-specific model Male-specific model 

Crude Adjusted* Crude Adjusted* 

Adults with 

prevalent or 

incident AF 

(n=1,174) 

Fibrinogen 1.75 (1.51-2.01) 1.57 (1.32-1.86) 1.09 (0.94-1.25) 0.93 (0.80-1.08) 

Fibrinogen*APOE 

Ꜫ4 
3.44 (2.53-4.67) 3.42 (2.40-4.88) 

  

Adults without 

AF (n=1,810) 
CRP 1.05 (1.01-1.10) 1.03 (0.97-1.08) 1.03 (0.97-1.09) 0.94 (0.88-1.00) 

Overall cohort 

(n=2,798) 

Fibrinogen 1.35 (1.25-1.46) 1.14 (1.04-1.25) 1.03 (0.94-1.13) 0.91 (0.82-1.00) 

Fibrinogen*APOE 

Ꜫ4 
  0.93 (0.76-1.12) 0.71 (0.57-0.87) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP was log2 transformed to correct for skewness and fibrinogen was scaled down by a factor of 100. 
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Table 5-9. Binomial logistic regression model showing crude and adjusted odds ratios (OR) and 

95% confidence intervals (95% CI) between inflammatory markers and cognitive relative to class 

1 (Stable), excluding those with incident stroke (n = 671) 

Cohort Baseline Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Crude Adjusted* 

Adults with 

prevalent or 

incident AF 

(n=836) 

CRP 1.06 (1.01-1.11) 1.05 (0.99-1.10) 

CRP*APOE Ꜫ4 1.20 (1.07-1.34) 1.16 (1.02-1.33) 

IL-6 1.24 (1.14-1.34) 1.21 (1.10-1.33) 

Adults 

without AF 

(n=1,774) 

IL-6 1.34 (1.26-1.41) 1.16 (1.09-1.24) 

IL-6*APOE Ꜫ4 1.07 (0.95-1.20) 0.84 (0.73-0.96) 

Fibrinogen 1.13 (1.05-1.21) 0.95 (0.87-1.03) 

Fibrinogen*APOE Ꜫ4 0.97 (0.83-1.14) 0.76 (0.64-0.91) 

Overall 

cohort 

(n=2,610) 

CRP 1.08 (1.05-1.10) 1.03 (1.00-1.07) 

IL-6 1.30 (1.24-1.36) 1.18 (1.12-1.24) 

IL-6*APOE Ꜫ4 1.14 (1.03-1.26) 0.92 (0.82-1.03) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 
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Table 5-10. Sex-specific binomial logistic regression models showing crude and adjusted odds 

ratios (OR) and 95% confidence intervals (95% CI) between inflammatory markers and cognitive 

relative to class 1 (Stable), excluding those with incident stroke (n = 431 females; n = 240 males) 

Cohort 
Baseline 

Exposure† 

Class 2: Cognitive Decline 

OR (95% CI) 

Female-specific model Male-specific model 

Crude Adjusted* Crude Adjusted* 

Adults with 

prevalent or 

incident AF 

(n=1,174) 

Fibrinogen 1.49 (1.29-1.73) 1.41 (1.18-1.68) 1.23 (1.06-1.43) 1.06 (0.89-1.26) 

Fibrinogen*APOE 

Ꜫ4 
2.18 (1.59-2.99) 1.80 (1.26-2.55) 

  

Adults 

without AF 

(n=1,774) 

CRP 1.11 (1.06-1.15) 1.07 (1.02-1.14) 1.07 (1.02-1.13) 0.98 (0.92-1.04) 

Overall 

cohort 

(n=2,610) 

Fibrinogen 1.35 (1.25-1.46) 1.14 (1.04-1.26) 1.03 (0.94-1.13) 0.93 (0.83-1.03) 

Fibrinogen*APOE 

Ꜫ4 
  0.93 (0.77-1.12) 0.75 (0.60-0.95) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP was log2 transformed to correct for skewness and fibrinogen was scaled down by a factor of 100. 

 

Exploratory Analyses: Worsening WMG on MRI 

Worsening WMG was measured on MRI scans taken approximately 5 years apart (130). Details 

of MRI methods have been previously published (136). Briefly, MRI scans were performed using 

standardized sagittal and axial T1-weighted, spin density-, and T2- weighted images (136). Axial 

images were 5 mm thick without interslice gaps (136). MRI scans were independently evaluated 

by two trained neuroradiologists, blinded to participant information, for the presence of cerebral 

infarcts (136). Infarcts were defined as lesions without mass effect but with abnormal signal 
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intensity > 3 mm in size in a vascular distribution (136). Based on a library of template scans, they 

were graded using a 10-point scale, ranging from 0 (no lesions) to 9 (most lesions) (136). Change 

in WMG was categorized into 3 levels: no change or decrease in grade, 1 grade increase, or 2 or 

more-grade increase. 

 

Table 5-11. Multinomial logistic regression model showing crude and adjusted odds ratios (OR) 

and 95% confidence intervals (95% CI) between inflammatory markers and worsening white 

matter grade between MRI 1 and MRI 2 (ref: no change or improved WMG, n = 1,050) 

Cohort 
Baseline 

Exposure† 

Worsening White Matter Grade 

OR (95% CI) 

1 Grade 

(n = 659) 

≥ 2 Grades 

(n = 351) 

Crude Adjusted* Crude Adjusted* 

Adults with 

prevalent or 

incident AF 

(n=736) 

CRP 0.99 (0.88-1.11) 1.00 (0.87-1.14) 0.97 (0.83-1.12) 0.98 (0.83-1.16) 

IL-6 1.01 (0.83-1.24) 1.05 (0.85-1.31) 0.90 (0.69-1.16) 0.85 (0.64-1.14) 

Fibrinogen 1.00 (0.77-1.31) 0.95 (0.71-1.27) 0.91 (0.65-1.28) 0.85 (0.59-1.23) 

Adults 

without AF 

(n=1,324) 

CRP 1.03 (0.95-1.13) 1.02 (0.92-1.12) 1.06 (0.95-1.18) 1.08 (0.96-1.21) 

IL-6 1.29 (1.11-1.51) 1.29 (1.09-1.54) 1.15 (0.95-1.39) 1.14 (0.92-1.41) 

Fibrinogen 1.03 (0.84-1.26) 1.02 (0.82-1.27) 1.08 (0.84-1.38) 1.09 (0.84-1.40) 

Overall 

cohort 

(n=2,060) 

CRP 1.02 (0.95-1.09) 1.01 (0.93-1.09) 1.02 (0.94-1.12) 1.05 (0.95-1.15) 

IL-6 1.18 (1.05-1.34) 1.18 (1.03-1.35) 1.05 (0.90-1.22) 1.03 (0.87-1.22) 

Fibrinogen 1.02 (0.86-1.19) 0.99 (0.84-1.18)  1.01 (0.83-1.24) 1.01 (0.82-1.25) 

*Adjusting for age, sex, race, education, smoking, hypertension, BMI, cholesterol, diabetes, baseline stroke, 

left ventricular hypertrophy, congestive heart failure, myocardial infarction, and baseline use of 

antihypertensives, lipid-lowering medications and anticoagulants. 

†CRP and IL-6 were log2 transformed to correct for skewness and fibrinogen was scaled down by a factor 

of 100. 
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Chapter 6. Discussion 

6.1 Interpretation of Findings 

There is a critical need to better understand the pathophysiological pathways linking AF to 

dementia. Current models of AF-dementia pathophysiology do not consider the potential role of 

the BBB and few studies have examined the contributions of BBB dysfunction to this relationship. 

Further, as measuring BBB dysfunction is difficult in a clinical setting, human studies are scarce, 

particularly in an AF population (13). Using circulating inflammatory markers known to influence 

BBB integrity, we provided greater insight into the contribution of inflammatory-mediated BBB 

dysfunction to the risk of cognitive decline and dementia in two cardiovascular cohorts. Among 

those with AF, elevated levels of CRP, IL-6, and fibrinogen were associated with cognitive decline 

but not dementia, providing preliminary evidence for inflammatory-mediated BBB dysfunction as 

a potential contributing pathway linking AF to cognitive decline.  

The associations with cognitive decline and not dementia observed in the present analyses 

may be an indication that inflammatory-mediated BBB dysfunction could play an early role in 

dementia pathology. Specifically, it is becoming increasingly apparent that biomarkers of dementia 

have unique trajectories relative to pathophysiological and clinical disease progression (137). For 

instance, low cerebrospinal fluid (CSF) Aβ, a biomarker of AD, has been shown to reach a 

minimum concentration 5 to 10 years before progression from MCI to AD (138). Further, findings 

from other clinical studies support a prodromal increase in Aβ deposition in the brain that gradually 

reaches a maximum threshold upon clinical presentation of MCI (139–141). Another study found 

brain inflammation in patients with MCI, providing further evidence that these biomarkers may be 

an indicator of early clinical onset (55,142). Moreover, inflammation may be correlated with Aβ 

deposition. Several previous studies have reported increased inflammation in Aβ positive MCI 
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(143) and dementia cases (9,51). Interestingly, another study reported that cortical inflammation 

was positively correlated with increased Aβ load in MCI cases, however inflammation declined 

when Aβ load approached levels typically seen in individuals with a clinical diagnosis of dementia 

(144). Jack et al. (2010) proposed that biomarkers of dementia may follow a non-linear sigmoid 

shaped trajectory where the occurrence of a maximum threshold varies over the course of dementia 

progression (137). Consistent with these data, we showed associations between inflammatory 

markers during the preclinical stage of dementia (i.e., cognitive decline) and no associations 

thereafter, suggesting that these markers may reach a saturation point prior to the onset of 

dementia. Future research with extended follow-up of preclinical individuals with AF and repeated 

biomarker measurement is needed to determine how biomarker trajectories correlate with early 

disease pathology and stages of dementia progression.  

The negative findings for dementia in the AF sub-cohorts may also be due to limitations in 

our study design. In the REGARDS study, we selected an optimal cut-off score from the SIS to 

ascertain dementia cases. In addition, considering the limited and conflicting data on the validity 

of this tool for dementia diagnosis (127,145), outcome misclassification is possible. Using data 

from the CHS, the second manuscript addressed these important limitations as a committee of 

neurologists and psychiatrists classified dementia status based on neuropsychological evaluations, 

MRI scans, and other data collected over the course of follow-up. However, our analyses were not 

sufficiently powered in the AF sub-cohort. Further, our stratified analyses included both prevalent 

and incident AF cases. Consequently, AF did not necessarily precede inflammation and a shorter 

amount of time accrued between incident AF and dementia diagnosis. As highlighted in Chapter 

2.3, younger patients with the longest history of AF seem to have the highest risk of dementia 

(60,61,67,146). As such, incident AF may be unlikely to be a significant contributor to dementia 
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over a short interval period. Future studies should prioritize inclusion of a sufficient number of 

ECG-confirmed prevalent AF cases to be properly powered to establish a temporal association 

with cognitive outcomes. A younger cohort of AF cases at baseline with a longer follow-up period 

may further elucidate this association. Moreover, as evidence suggests that the risk of dementia is 

higher among those with persistent rather than paroxysmal AF (84), future studies may consider 

investigating associations by AF subtype.  

 We also showed that both sex and APOE genotype were important effect modifiers of the 

observed associations. In the CHS cohort, we found that sex significantly modified the association 

between fibrinogen and cognitive decline. Specifically, while higher levels of baseline fibrinogen 

increased the odds of cognitive decline by 57% in females with AF (adjusted OR 1.57, 95% CI 

1.36-1.81), we found no significant association among AF males (adjusted OR 1.13, 95% CI 0.99-

1.30). This is potentially unsurprising, as dementia disproportionately affects females and studies 

have shown that females have faster rates of cognitive decline (147,148) and greater 

neuropathology (149–151) when compared to males. Although males are more likely to develop 

AF, AF females have a higher risk of thromboembolism and worse AF-related outcomes (24,152). 

Critically, sex-specific inflammatory differences have been reported as well where females had 

significantly higher levels of inflammatory markers, such as CRP and fibrinogen, compared to 

males (153,154). Contrary to the findings in the CHS cohort, sex was a significant effect modifier 

of the association between CRP and cognitive decline in the REGARDS cohort where sex-

stratified results demonstrated the opposite effect. While AF males with elevated levels of CRP 

had higher odds of cognitive decline (adjusted OR 1.09, 95% CI 1.01-1.17), no association was 

found among females (adjusted OR 1.04, 95% CI 0.97-1.12). This is not consistent with previous 

studies reporting an association between CRP and cognitive decline only among females 
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(155,156); however, these analyses were not conducted in an AF population. As sex hormones 

have been previously shown to influence the concentration of plasma CRP and fibrinogen 

(157,158), biological sex-specific differences may underlie these effects. However, when 

excluding those with incident stroke in the REGARDS cohort, sex-specific associations were no 

longer significant. In post-hoc analyses in the REGARDS cohort, men were more likely to have 

incident stroke over follow-up (11.5% versus 9.7%, p = 0.2). This suggests that incident stroke 

may be responsible for the observed sex-specific effect rather than true biological differences. We 

also found that females in the CHS cohort were more likely to have incident stroke (22.0% versus 

18.2%, p = 0.007). Although, when excluding those with incident stroke in sensitivity analyses, 

the sex-specific effects remained significant providing evidence for an effect of fibrinogen on 

cognitive decline in AF females in the absence of stroke. Sex-specific differences in performance 

on neurocognitive batteries may also account for the observed associations, as previous studies 

have highlighted that males tend to score higher on visuospatial tasks and females tend to have 

higher scores on tests of verbal memory (159–161). However, given evidence for widespread sex 

differences in both the concentrations and effects of multiple inflammatory markers on CVD risk 

(162,163), future work should continue to consider sex in the evaluation of inflammatory-mediated 

BBB dysfunction. 

We also showed that in AF, the APOE Ꜫ4 allele interacted with inflammatory markers to 

increase the odds of cognitive decline. Notably, however, the opposite was observed in the non-

AF cohort, where the APOE Ꜫ4 allele interacted with inflammatory markers, decreasing the risk 

of cognitive decline. As the APOE Ꜫ4 allele is a major genetic risk factor for AD (164,165) and 

considering we controlled for important vascular risk factors and comorbidities, we suspect that 

the interactions observed in the non-AF cohort would demonstrate the modifying effects of APOE 
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genotype in pure AD pathology. Whereas in the AF cohort, those with the APOE Ꜫ4 allele may 

have both vascular and AD pathologies contributing to cognitive decline, suggesting that 

inflammatory pathways may play a larger role in cognitive risk for those with vascular and mixed 

dementia. This is supported by findings reporting associations of inflammatory markers with VaD, 

but not AD or all-cause dementia (166,167). A previous study using data from the CHS showed 

that APOE Ꜫ4 modulated baseline CRP and was notably associated with lower CRP levels (168). 

The APOE Ꜫ4 allele has also been shown to interact with other cardiovascular diseases and 

substantially increase the risk of cognitive decline, compared to those without the allele (169). 

Further, studies have shown that the APOE Ꜫ4 allele increases BBB permeability (170), impairs 

Aβ clearance from the brain (171), and may exacerbate neuroinflammatory responses (172,173). 

To our knowledge, previous studies have not investigated the modifying effect of APOE genotype 

on inflammatory-mediated cognitive decline with respect to AF status. However, prospective 

studies in the general population have found that higher levels of CRP were associated with an 

increased risk of cognitive decline and AD only among APOE Ꜫ4 carriers (174,175) and 

particularly in the absence of cardiovascular disease (176). Although, this analysis did not exclude 

those with AF (176). While animal models have more clearly delineated the specific pathways by 

which APOE Ꜫ4 increases dementia susceptibility, more work is needed to determine how this 

translates to the clinical setting, and whether this differs by dementia subtype and AF status. While 

there are some inconsistencies in the current literature, the modifying role of APOE Ꜫ4 is clear and 

could help identify a high-risk group for cognitive decline. 

In sensitivity analyses excluding those with incident stroke, CRP was the only marker that 

was no longer significantly associated with cognitive decline among those with AF. However, the 

association did remain significant among AF participants with the APOE Ꜫ4 allele. Of the three 
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inflammatory markers, CRP displayed the weakest association with cognitive decline. Having said 

that, the non-significance of the association in a smaller stroke-free population is not surprising. 

The association between fibrinogen and cognitive decline among females was attenuated but 

remained significant. This was expected as, in addition to its role in the inflammatory response, 

fibrinogen is also a coagulation factor responsible for the maintenance of hemostasis and previous 

studies have reported positive associations of fibrinogen with stroke (177,178) and worse post-

stroke outcomes (179). Based on our findings and previous longitudinal studies that have more 

consistently found significant associations of elevated IL-6 and fibrinogen with cognitive decline 

(154,180–182) and dementia (166,183), IL-6 and fibrinogen may be more sensitive markers of 

inflammatory-mediated BBB dysfunction. Future work should continue to carefully consider the 

mediating role of incident stroke, TIA, and SCI.  

6.2 Sensitivity and Specificity of Peripheral Inflammatory Markers 

In the CHS cohort we also investigated these associations in a non-AF population and found 

significant associations of inflammatory markers with cognitive decline, highlighting that 

inflammatory-mediated BBB dysfunction may not be unique to AF. Growing evidence supports 

inflammation and BBB dysfunction as a potentially important contributor to neurodegeneration 

and dementia, irrespective of AF status (9–11,51,102,106,112–114). In addition, these findings are 

consistent with previous prospective studies reporting that higher levels of these inflammatory 

markers were associated with an increased risk of dementia (120,166,167,184) and cognitive 

decline (154,180–182,185). However, this may also signify that these biomarkers do not accurately 

reflect BBB dysfunction and central inflammation. A major limitation of screening for peripherally 

circulating inflammatory markers, such as fibrinogen, CRP, and IL-6, is that these markers do not 

distinguish peripheral from CNS inflammation. Critically, a recent study showed that IL-6 
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signaling induces BBB dysfunction more strongly on the CNS side of the barrier than the vascular 

side, highlighting that central concentrations of these markers are more sensitive to BBB 

dysfunction (122). As CRP, IL-6, and fibrinogen are markers that play a wide range of functions 

in various inflammatory states (99,186), the observed associations may be due to residual 

confounding or confounding by uncontrolled factors, such as infection. This highlights the critical 

need to identify feasible biomarkers sensitive and specific to BBB dysfunction. 

6.2.1 Potential novel marker of central inflammation and BBB dysfunction 

Central inflammation leads to the activation of microglia which is pathogenically related to 

neurodegenerative processes (90). Activated microglia release cytokines and ROS, which can 

further contribute to BBB impairment and neurodegeneration (13). There is a critical need for new 

microglial-specific markers that can rapidly screen for central inflammation and BBB permeability 

to test this potential mechanistic pathway between AF and dementia. Increasing evidence shows 

that extracellular vesicles (EVs), released from microglia in response to inflammation, are 

potential brain inflammation-specific biomarkers as they can easily cross the BBB and be detected 

in the blood (187). Critically, EVs also contain cell-surface markers that are unique to their cell of 

origin, representing a potential blood-based marker of BBB permeability (187). Current analyses 

of BBB permeability rely on expensive imaging techniques and invasive lumbar punctures for the 

detection of biomarkers in the cerebrospinal fluid (187). However, the detection of these markers 

in blood-based EVs originating from activated microglia, would confirm their leakage into the 

CNS as a consequence of the loss of BBB integrity. A validated blood-based marker of BBB 

dysfunction would represent a significant breakthrough and a feasible way to further investigate 

inflammatory-mediated BBB dysfunction in large samples. This bioassay is currently under 

development and validation by our combined interdisciplinary research team. 
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6.3 Strengths 

Our research was strengthened by the use of two large, well-characterized, population-based 

cohorts with median follow-up periods of approximately 9 years. The prospective design allowed 

us to investigate the temporal relationship between inflammation and cognition, providing 

evidence in favour of causality. As highlighted in Chapter 2.4 and Chapter 2.5, there are multiple 

shared confounding factors and complex interrelationships between AF, inflammation, and 

cognitive impairment. In both cohorts, we adjusted for many of these potential confounders and 

investigated these associations in the absence of incident stroke. We were also able to investigate 

the modifying role of sex and APOE genotype. Future studies should continue to carefully control 

for confounding variables and distinguish them from intermediates (such as incident stroke, TIA, 

and SCI) and effect modifiers (such as sex and APOE genotype). Robust measures of these 

variables are critical to limit residual confounding. Furthermore, a mediation analysis is warranted 

to determine whether incident stroke, TIA, and SCI are intermediates on the causal pathway. As 

repeated measures of inflammatory markers were collected in the CHS cohort we were able to 

model exposure variables as time-varying in primary analyses, capturing fluctuating or chronically 

elevated levels of inflammatory makers over time. Longitudinal studies should aim to collect 

repeated measures of inflammatory markers to distinguish an acute-phase response, which has 

been shown to be initially neuroprotective (188), from a chronic response.  

6.4 Limitations 

There were also several limitations to our studies. First, subjects with missing cognitive scores 

may have been more likely to be lost to follow-up due to progressive cognitive decline, introducing 

selection bias and biasing our results towards the null. Second, in both AF populations, our 

analyses were underpowered. Third, the CHS study included both prevalent and incident AF cases, 
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reducing our ability to establish a temporal association and shortening the length of time between 

incident AF and dementia diagnosis.  Fourth, our outcome measures were limited to all-cause 

dementia and global measures of cognitive function. Investigations of these associations by 

dementia subtype and domain-specific cognitive measures specific to the clinical presentation of 

dementia (i.e., executive function and memory) may provide greater insights. Particularly for the 

assessment of cognition, robust outcome ascertainment should be a focal point for future studies. 

As seen in the CHS study, specific strategies can be used to avoid loss-to-follow-up of dementia 

cases (for example, proxy interviews and retrieval of medical records). Fifth, incident stroke, TIA, 

and silent cerebral infarcts may be intermediates on the causal pathway accounting for the observed 

associations. However, in sensitivity analyses excluding those with incident stroke many 

associations remained significant. It is also important to note, that if the inflammatory markers 

tested in the present analyses change relative to either anticoagulation treatment initiation or 

cessation, there may be the potential for residual bias if treatment both confounds and mediates 

marker changes over time. Methods to address this residual bias using a g-estimation framework 

may be considered if sufficient data is available (189). Finally, as we have shown, these plasma-

based inflammatory markers may not accurately reflect central inflammation and BBB 

dysfunction. We hypothesize that future studies using more sensitive markers of central 

inflammation and BBB dysfunction, as suggested above, will demonstrate inflammatory-mediated 

BBB dysfunction as an important contributing pathway linking AF to dementia. 

6.5 Future Directions and Knowledge Translation Potential 

As there is a limited amount of existing knowledge on the contributing pathways linking AF to 

dementia, many questions remain unanswered. Given the complex nature and long preclinical 

stage of dementia and the failure to find a disease-modifying drug to date (21), it is becoming 
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increasingly clear that an early tailored approach is required (21,55). Critically, survival with AF 

is increasing owing to improved therapies reducing the risk of stroke, mortality, and other AF-

related outcomes (190,191). Evidence also suggests that those with the longest history of AF have 

the highest risk of dementia (61). With that said, AF patients may be highly amenable to an early 

targeted approach to prevent dementia (192). Our research provided an important first step to better 

understand the pathophysiological pathways linking AF to dementia and highlights important 

considerations for future research. This is a novel area of research with promising opportunities 

for future work. First, our findings provide some indication that inflammation occurs early in 

disease progression, increasing the promise that these markers could enable early detection and 

intervention of dementia, when disease modification is most likely (55). Future research is needed 

to determine the accuracy and predictive utility of these biomarkers in the AF population, as well 

as their optimal timing for measurement. Efforts should be made to derive clinical prediction 

models to estimate the utility of these markers (both peripheral and novel central biomarkers) for 

the prediction of dementia. Further, AUC-ROC analyses would demonstrate the discriminative 

performance of these markers for the diagnosis of dementia. Based on our findings, sex and APOE 

genotype should be integrated into these analyses. This research could greatly improve risk 

stratification and screening tools for dementia in AF patients (13). Further, whether these blood-

based markers would be a feasible and minimally invasive alternative to current measures of BBB 

permeability remains unknown (55). Validation studies are required to compare these markers to 

current gold standard measures of BBB permeability. Second, while we primarily investigated the 

association of these markers with clinical presentations of dementia, it is becoming increasingly 

clear that subclinical changes are important markers for early detection and disease progression 

(55,193) and may be related to AF (84) and inflammation (168). However, more research is needed 
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to better understand the significance of preclinical pathology on neuroimaging as it relates to these 

markers and dementia risk in AF. Finally, in Chapter 2.4 we summarized the possible contributing 

pathophysiological pathways linking AF to dementia. While we provided evidence for 

inflammatory-mediated BBB dysfunction, independent of risk factors shared by both AF and 

dementia, dementia is a multifactorial disease and it is likely that multiple etiologies are 

responsible (55). Inflammatory-mediated BBB dysfunction alone may not be sufficient to cause 

dementia. More work is needed to clarify the relative contribution of these pathways to dementia 

risk in AF. 

6.6 Conclusion 

A better understanding of the contributing pathophysiological pathways linking AF to dementia, 

independent of stroke, could enable better screening and risk stratification for improved clinical 

decision-making and highlight important therapeutic targets in the AF population. We aimed to 

examine inflammatory-mediated BBB dysfunction as a contributing pathway linking AF with 

cognitive decline and dementia. Our findings showed that elevated levels of inflammatory markers 

shown to influence BBB integrity were associated with cognitive decline but not dementia in two 

prospective AF populations. While these findings provide preliminary evidence for inflammatory-

mediated cognitive decline in AF, future research using more sensitive markers of central 

infiltration are needed to determine the mediating role of BBB dysfunction in AF-related dementia 

risk. Further, as sex and APOE genotype were significant effect modifiers of the observed 

associations, these factors should be included in future research. 
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Appendix A. Study Designs 

 

 

Figure A-1. Study Designs. A. REGARDS enrolled 30,183 Black and White adults aged ≥ 45 

years in the U.S. Participants underwent a baseline telephone interview and in-home visit. 

Cognitive assessments were administered annually and stroke status was adjudicated at 6-month 

intervals. B. CHS enrolled 5,888 adults ≥ 65 years (5,201 in 1989-90 and 687 predominantly Black 

participants in 1992-93). Dementia status and onset was retrospectively adjudicated using 

available data among the subset who received an MRI (annual 3MS scores, MRI, medical record 

retrieval, physician or proxy interviews, and neuropsychological evaluations among surviving 

participants). SIS: six-item screener; AF: atrial fibrillation; CRP: C-reactive protein; IL-6: 

interleukin-6; 3MS: Modified mini-mental state examination. 
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Appendix B. Sample Size Calculations 

To assess whether the available data are powered to support the proposed study, we used the 

equation outlined below (194).  

 

𝑛 =  
1

𝑝𝐴 𝑝𝐵 𝑝𝐸
 
𝑧1−𝛼 + 𝑧1−𝛽/2

𝛿 − |ln (𝜃)|
 

where: 

n is sample size 

pE is the overall probability of the event occurring within the study period 

pA and pB are the proportions of the sample size allotted to the two groups 

α is Type I error 

β is Type II error, meaning 1-β is power 

δ is the testing margin 

ln(θ) is the natural logarithm of the hazard ratio, or the log-hazard ratio 

In the REGARDS cohort, a total of 946 (44%) had elevated CRP levels with concentrations 

exceeding 3 mg/L. A total of 310 participants (13.6%) developed dementia over the course of 

follow-up. Given these exposure proportions and the rate of dementia, a total sample size of N = 

2,529 is required to observe a 20% increase in hazard at 80% power and a level of significance of 

0.05. 
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In the CHS cohort, a total of 1,286 (38%) had elevated CRP levels with concentrations 

exceeding 3 mg/L. A total of 480 participants (14%) developed dementia over the course of 

follow-up. Given these exposure proportions and the rate of dementia, a total sample size of N = 

2,570 is required to observe a 20% increase in hazard at 80% power and a level of significance 

of 0.05. 
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Appendix C. Schoenfeld Plot 

Figure C-1. Scaled Schoenfeld residuals of baseline SIS score versus time from the REGARDS 

study 
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Appendix D. Martingale Plots 

Figure D-1. Plot of the Martingale residuals for dementia versus age in the REGARDS study 

 

Figure D-2. Plot of the Martingale residuals for death versus age in the REGARDS study 
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Figure D-3. Plot of the Martingale residuals for dementia versus age in the CHS cohort 

 

Figure D-4. Plot of the Martingale residuals for death versus age in the CHS cohort 

 


