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Professor Rany Salem, Co-Chair 
Professor Andrea Z. LaCroix, Co-Chair 

 

 Background: As a consequence of an aging world population, cognitive impairment and 

dementia are growing public health concerns. Previous studies suggest that kidney dysfunction is 

associated with cognitive decline. Most studies were limited to one marker of kidney function, 

and the extent to which associations are modified by genetics has received little consideration. 

Moreover, whether these associations are causal is not clear.  

 Methods: This dissertation is composed of three studies. Study one was a longitudinal 

study conducted among 1,634 participants from the Rancho Bernardo Study of Healthy Aging 

(RBS), who had repeated measures of kidney function and cognitive follow-up of up to 24 years. 



xxi 

Study two was a cross-sectional study using data from up to 341,208 participants from the UK 

Biobank (UKBB) with three different measures of kidney function, genetic data, and cognitive 

function data from the baseline assessment. Study three used data from 357,590 UKBB 

participants to assess causal associations between biomarkers of kidney function and cognitive 

performance using a Mendelian Randomization (MR) approach.  

 Results: In study one, men with albuminuria (urine albumin-to-creatinine ratio [ACR] 

≥25 mg/g for men and ACR ≥30 mg/g for women) had faster cognitive decline across multiple 

domains. High serum uric acid (SUA) was related to lower baseline global cognitive function 

scores in men. There was no association between kidney function and cognitive performance in 

women. In study two, albuminuria, creatinine-based estimated glomerular filtration rate 

(GFRcre) <60ml/min, and cystatin C-based estimated glomerular filtration rate (eGFRcys) 

<60ml/min were associated with worse cognitive performance, and associations were more 

robust with eGFRcys versus eGFRcre. The association between albuminuria and reaction time 

was modified by a polygenic score for cognitive function.  In the third study, genetically 

increased ACR was associated with reaction time, but there was no evidence to support causal 

effects of SUA, eGFRcre or eGFRcys on cognitive ability.  

 Conclusions: Multiple markers of kidney function were associated with worse cognitive 

performance in individuals of European descent. Furthermore, these associations may be 

modified by sex and genetics. Albuminuria may directly influence cognition, however SUA, 

eGFRcre and eGFRcys levels do not appear to be causally associated with cognitive 

performance. 

 

 

 



 

1 

CHAPTER 1: INTRODUCTION 

 

 Globally, nearly 50 million people are living with dementia, and unless effective 

interventions are implemented this number is predicted to triple by 2050 [1]. Dementia 

represents a huge burden for the affected individual, their caregivers and healthcare 

systems.  Substantial efforts to develop disease-modifying drugs have yet to be successful. 

Therefore, identifying and addressing risk factors that could prevent or delay the onset of 

dementia are important public health priorities. Observational studies have demonstrated a 

connection between chronic medical conditions and cognitive decline suggesting that treatment 

and control of these risk factors could help preserve cognitive health [2].  Among these chronic 

health conditions, chronic kidney disease (CKD) has been considered as a potential independent 

risk factor for dementia and cognitive impairment [4,5]. 

 

Chronic kidney disease 

 According to recent estimates, chronic kidney disease (CKD) affects up to 15% of the US 

adult population, and almost half of those with severely reduced kidney function are unaware of 

their disease [3]. This is particularly alarming as CKD is associated with cardiovascular disease, 

stroke and increased risk of mortality [4]. Moreover, individuals with CKD are at increased risk 

of cognitive impairment with a prevalence rate of as high as 70% in those with end-stage kidney 

disease [5].  CKD is generally defined by the presence of reduced estimated glomerular filtration 

rate (eGFR) or by markers of kidney damage, primarily elevated albuminuria in urine. Disease 

severity is primarily staged by level of eGFR and is often further stratified by albuminuria status 

[6]. Although eGFR and albuminuria are closely related they have independent associations with 

several outcomes including cardiovascular disease and mortality [7]. 
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Estimated glomerular filtration rate  

 Glomerular filtration rate (GFR) represents the flow rate of filtered fluid through the 

nephrons in the process of urine formation. Direct measurement of GFR is invasive and 

expensive and therefore rarely done in practice [8]. Most commonly, an estimated glomerular 

filtration rate (eGFRcre) is calculated based on serum concentrations of creatinine, a waste 

product of muscle breakdown [9]. However, serum creatinine can be affected by age, sex, 

ethnicity, diet, and lean muscle mass and may have poor sensitivity for early kidney disease [10].  

eGFR (eGFRcys) based on serum concentrations of cystatin c may offer a superior, albeit more 

costly, alternative. Cystatin C is a small protein that is ubiquitously distributed in human tissue 

and therefore is less  dependent on muscle mass than creatinine. Indeed, eGFRcys has been 

shown to outperform eGFRcre as a predictor of incident cardiovascular disease and CKD 

progression [11].  

 The majority of studies that have examined the association between kidney function and 

cognitive ability were limited to eGFRcre only as a marker of renal dysfunction [12]. Several 

cross-sectional and longitudinal studies have demonstrated that CKD defined as eGFRcre <60 

ml/min is associated with cognitive decline [12–14], however some more recent prospective 

studies found null associations [15,16]. A 2012 meta-analysis by Etgen et al. found a 39% 

increase in the odds of cognitive impairment in individuals with eGFR<60 ml/min, however this 

analysis included both crude and adjusted data in estimating the overall effect [12]. In contrast, 

Deckers et al. found no significant association between eGFRcre and cognitive impairment in a 

meta-analysis including fully adjusted estimates only, suggesting that prior significant 

associations may have been affected by residual confounding [15]. Results have also been mixed 

when cognitive tests score are treated as continuous variables [16–19].  The few studies that have 
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examined association between eGFRcys and cognitive function suggest that this marker may be 

more robustly associated with cognitive performance [20,21]. For example, a recent study among 

participants the Atherosclerosis Risk in Communities study found a significantly increased risk 

of incident dementia for every 24.3mL/min ( interquartile range of eGFRcys) decrement in 

eGFRcys (Odds ratio (95% confidence interval)=1.30 (1.12-1.52), but no significant association 

was found with eGFRcre [21].  

 

Albuminuria 

 Albuminuria, or excessive leakage of albumin into the urine, is the result of endothelial 

damage in the kidney occurring as a consequence of microvascular dysfunction [22].   It is most 

often quantified using the urine albumin-to-creatinine ratio (ACR) which corrects for urine 

dilution. In general, an ACR>30 mg/g is known as moderately increased albuminuria [formerly 

called microalbuminuria (MA)] and an ACR>300 mg/g is known as severely increased 

albuminuria (formerly macroalbuminuria) [23]. However, sex specific cutoffs are often used to 

account for differences in urine creatinine concentrations [24]. Albuminuria has shown 

consistent associations with increased cardiovascular events and mortality [25,26]. Prior studies 

suggest that albuminuria may also be a risk factor for cognitive impairment and dementia 

[15,21].  When assessing cognitive ability as a continuous outcome, Georgakis et al. found that 

associations between albuminuria and performance varied by cognitive domain such that 

albuminuria was associated with global cognitive function, processing speed and executive 

function but not with tests of working memory or visuo-spatial ability [27].  Further study is 

needed to fully characterize these differences as they may reflect specific pathologies [28].  

Serum uric acid 
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 Uric acid, the end product of purine metabolism, is excreted by the proximal tubules of 

the kidney into the urine [29]. Serum uric acid (SUA) can be elevated in those with CKD and is 

associated with an increased risk of CKD progression [30] and cardiovascular disease (CVD). 

However, the literature describing the relationship between SUA and cognitive function has been 

mixed.  Somewhat counterintuitively, lower SUA levels have been observed in cases with 

dementia versus controls [31,32]. This suggests a potential protective role of SUA that is thought 

to be a result of its potent anti-oxidant activity [33].  However, the results of longitudinal studies 

have been conflicting [34,35]. For example, Euser et al. found that higher SUA was associated 

with a decreased risk of dementia after adjusting for CVD risk factors (Hazard Ratio (HR) 

95%CI= 0.89, 0.80 to 0.99 per standard deviation increase in SUA) [34], but a more recent 

prospective study demonstrated a significant increased risk of  vascular or mixed dementia (HR, 

95% CI=3.66, 1.29 to 10.41), p=0.015) and marginally significant increased risk of Alzheimer’s 

disease (HR, 95% CI=1.55, 0.92 to 2.61) for those in the highest quartile of SUA vs. the lowest 

[35]. 

Repeated measures of kidney function  

 With few exceptions [18,36,37], the existing body of literature consists primarily of 

studies that have examined kidney function at one time point only.  In a study by Helmer et al. 

there was no significant difference in cognitive decline according to baseline eGFRcre, however 

a decrease in eGFRcre over a seven-year follow-up was associated with significant decline in 

global cognition [36].  This suggests that repeated measures of kidney function may be necessary 

to fully characterize this association as the rate of renal decline may provide a better indicator of 

risk than one static measure. To our knowledge, only one previous study has used more than one 

measure of ACR to assess the association between albuminuria and cognitive function [38]. 
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Barzilay et al. found that individuals who progressed from normal albumin levels to albuminuria 

had significant decreases in global cognitive function compared to those with no progression 

[38]. Associations between cognitive function and differences in ACR treated continuously were 

not reported.    

Polygenic score by environment interaction 

 The heritability estimates of mild cognitive impairment (MCI) and Alzheimer’s disease 

(AD) range between 40–48% and 58-79%, respectively [39,40]. However, variants identified 

from genome-wide association studies (GWAS) only account for around half of this phenotypic 

variation (24-33% for AD) [41,42]. It is thought that much of the missing heritability in complex 

traits may be due to effects of rare SNPs, or gene-gene and gene-environment interactions (GxE) 

[43,44]. For example, gene variants with little or no marginal effects have been shown to have 

significant effects in those with obesity or diabetes [45–47]. Similarly, some of the variation in 

cognitive ability among those with CKD could be explained by genetics. For example, genetic 

factors may confer a degree of resistance to the effects of kidney disease on the brain.  Several 

approaches have been used to explore GxE interactions, each with distinct advantages and 

limitations. Candidate gene studies are intuitively easy to understand and require little in terms of 

resources, however they are dependent on assumptions about biological processes and are not 

easily replicated. GxE interactions can also be explored by GWAS but this approach may have 

limited power due to multiple comparisons. An alternative approach to GWAS, is to consider the 

use of polygenic scores (PRS).  By leveraging results from prior GWAS, polygenic scores can be 

used to predict a phenotype of interest based on an individual’s genotype. To our knowledge, 

there has only been one previous study that addressed gene by environment interactions in the 

context of kidney function and cognitive performance [48]. Using the candidate gene approach, 



 

6 

Shin et al. found that albuminuria was more strongly associated with poor cognitive performance 

in APOE e4 carriers vs. noncarriers. The potential modification of the kidney function- cognitive 

ability association by a polygenic score for cognitive function has not been investigated 

previously.  

Mendelian randomization 

 Higher SUA levels are correlated with diabetes, cardiovascular and kidney disease [49].  

Somewhat paradoxically, case-control and cross-sectional studies have reported lower levels of 

SUA in individuals with Alzheimer’s disease compared to those with normal cognition [50–52]. 

However, the degree to which this association is influenced by unmeasured confounding or the 

problem of reverse causation remains unknown. Likewise, associations between eGFR and 

albuminuria could be confounded by the presence of shared risk factors including diabetes, 

socioeconomic status or other lifestyle factors [53–55]. Mendelian randomization (MR) is an 

instrumental variable approach that can address some limitations of observational studies such as 

confounding or reverse causation to make causal inferences [56]. Given certain assumptions, the 

principal tenet of MR is that if genetic variants that are associated with the exposure of interest 

are also associated with the outcome one can infer a causality between exposure and outcome.  

Analogous to randomization in clinical trials, the random assortment of alleles during meiosis 

allows confounders to be distributed evenly across genotypes. Furthermore, as genotype 

precedes phenotype the association is not affected by reverse causation. In this sense, genetic 

variants can serve as an “instrumental variable” for the exposure of interest. The directed acyclic 

graph shown in figure 1.1 shows how this approach is used to assess associations between 

genetically determined SUA and cognitive function. A polygenic score for SUA is used as a 

genetic instrument in this case. 
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Figure 1.1. Directed acyclic graph (DAG) illustrating the MR approach to assess the association 
between SUA and cognitive function 

 

 There are three primary assumptions underlying the MR approach: (1) the genetic 

instrument is associated with the exposure (i.e. SUA), (2) the genetic instrument is not associated 

with confounders of the exposure-outcome association and (3) the genotype-outcome association 

is explained only through the effect of the biomarker exposure. Many genes influence more than 

one trait, a phenomenon known as pleiotropy [57] This can be particularly problematic in MR as 

the second and third assumptions can be violated in instances of pleiotropy, and this may lead to 

biased estimates and type I error [58]. However, analytical strategies, such as weighted-median 

and MR-Egger regression [59], have been established so that valid estimates can be obtained in 

the presence of pleiotropy. 

Chapter Summary 

 The existing body of literature suggests an association between kidney function and 

cognitive function, but significant gaps exist. The following three chapters will build upon prior 

research by using a diverse set of approaches to further characterize the associations between 

different biomarkers of kidney function and multiple domains of cognitive ability.  In chapter 2 
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of this manuscript we used data from 1,634 community-dwelling adult (mean age=71.7 years) 

participants of the Rancho Bernardo Study of Healthy Aging to assess the association between 

three biomarkers of kidney function (eGFRcre, albuminuria and high SUA) and decline across 

multiple domains of cognitive function with the longest cognitive follow-up to date (up to 24 

years). Furthermore, this is the first study to use repeated measures of eGFRcre and ACR to 

relate kidney function trajectories to cognitive performance over time.  Chapters 3 and 4 use data 

from participants of the UK Biobank (UKBB), a large prospective study that enrolled 502,617 

participants aged 40-73 years from across the United Kingdom between 2006 and 2010.  In 

chapter 3, we explore the cross-sectional associations between multiple markers of kidney 

function (eGFRcre, eGFRcys and albuminuria) and cognitive performance in the largest study 

sample to date. We also explore gene-by-environment interactions by assessing effect 

modification by a polygenic score for general cognitive function. The fourth chapter employs the 

MR approach to investigate potentially causal associations between biomarkers of kidney 

function and cognitive test performance using genetic data from the UKBB to create 

instrumental variables.  
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CHAPTER 2. MARKERS OF KIDNEY FUNCTION AND LONGITUDINAL 

COGNITIVE ABILITY AMONG OLDER COMMUNITY-DWELLING ADULTS: THE 

RANCHO BERNARDO STUDY 
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Abstract 

 

 Background: Reduced kidney function has been associated with greater cognitive 

decline. Most studies have examined a single marker of kidney function and have limited follow-

up. This study evaluated the associations between several measures of kidney function (urine 

albumin, estimated glomerular filtration rate (eGFR), and hyperuricemia) with cognitive 

performance over time. 

 Methods: This is a longitudinal study of 1,634 community-dwelling adults (mean 

age=71.7 years, 60% women), who had kidney function markers and cognitive ability measured 

at baseline (1992-1996) and at up to five additional time points over 24 years of follow-up. 

Associations between multiple measures of kidney function and cognitive performance were 

assessed using linear mixed effects models. Testing for interaction by sex was also conducted. 

 Results: In fully adjusted models, albuminuria (urine albumin-to-creatinine ratio [ACR ] 

≥ 25 mg/g for men and ACR ≥ 30 mg/g for women) was associated with steeper annual declines 

in global cognitive function (MMSE, β=-0.10, p = .003), executive function (Trails B, β=3.87, p 

< .0001) and episodic memory (Buschke total recall, β=-0.63, p = .02) scores in men. Results 

were similar when cognitive test scores were regressed on latent trajectory classes of ACR. In 

men, hyperuricemia (serum uric acid [SUA] ≥ 6.8 mg/dl for men and SUA ≥ 6.0 mg/dl for 

women) was associated with baseline lower MMSE (β=-0.70, p = .009) scores but not with 

MMSE change over time. No such associations were detected in women. There were no 

significant associations between eGFR and cognitive performance for either sex.  
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 Conclusions: In older men, urine albumin is an independent predictor of subsequent 

cognitive decline. More investigations are needed to explain the observed sex differences and the 

potential relationship between hyperuricemia and poorer global cognition.  

Keywords: Albuminuria, uric acid, glomerular filtration rate, dementia, cognitive aging 
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1. Introduction 

 
 In the face of an aging global population, the burden of dementia continues to increase 

and is projected to affect over 135 million people worldwide by 2050 [1]. Given the lack of 

effective interventions and or therapies, it remains a public health imperative to identify and 

control potential risk factors for the development of Alzheimer’s disease and other dementias. 

One such factor is chronic kidney disease (CKD). CKD, or reduced kidney function defined as 

an estimated glomerular filtration rate (eGFR) < 60 ml/min/1.73 m2 and/ or a urine albumin-to-

creatinine (ACR) ≥ 30 mg/g currently affects an estimated 15% of US adults [2], and this 

prevalence expected to rise as the population ages [3]. This is particularly alarming, as CKD is 

associated with cardiovascular disease, stroke and increased risk of mortality [4]. Moreover, 

individuals with CKD are at increased risk of cognitive impairment with the prevalence rate 

ranging from 30-70% in those with stage 5 CKD [5]. Evidence from population-based studies 

suggest that mild-to-moderate loss of kidney function may also be associated with worse 

cognitive function [6,7].  

 Estimated glomerular filtration rate (eGFR), a widely used measure of kidney function, 

has previously been associated with cognitive impairment and dementia [6–8]. Similar 

associations have also been observed between albuminuria, a marker of kidney damage, and 

cognitive decline [9,10]. However, despite adequate sample sizes, some longitudinal studies have 

failed to detect significant associations between kidney function and subsequent changes in 

cognition [11,12]. It should also be noted that the majority of these studies only examined a 

single measure of kidney function. Repeated measures may be necessary to fully characterize 

this association as the rate of renal decline may provide a better indicator of risk than one static 

measure. Furthermore, the majority of these studies have limited follow-up, and few have 
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information on multiple domains of cognitive function [10,12,13]. Counterintuitively, serum uric 

acid (SUA), which is elevated in individuals with CKD, has been positively associated with 

cognitive function in prior case-control and cross-sectional studies [14,15], although results are 

not entirely consistent. In addition, the degree to which this association is influenced by 

unmeasured confounding or the problem of reverse causation remains unknown.  

 This study investigates associations between three measures of kidney function and 

longitudinal cognitive performance using data from the Rancho Bernardo Study of Healthy 

Aging [16]. In contrast to prior studies, we were able to examine kidney function at multiple time 

points in participants with repeated cognitive assessments over an extended follow-up of up to 24 

years.  

 

2. Methods 

 

2.1. Study Participants 

 

 The Rancho Bernardo Study (RBS) of Healthy Aging is a longitudinal cohort study 

established in 1972–1974 when 82% (n = 6, 339) of residents aged 30 and older, from the San 

Diego, CA suburb of Rancho Bernardo, were enrolled in a study of heart disease risk factors 

[16]. Participants were predominantly white (99.4%), well educated, and middle to upper-middle 

class adults. In 1992–1996, 1,781 RBS men and women participated in a follow-up clinic visit in 

which kidney function biomarkers were measured and cognitive function was assessed. 

Participants were excluded if they were less than 50 years of age at the 1992–1996 visit (n = 49), 

had missing kidney function biomarker measures (n= 30), no available cognitive function scores 
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(n = 50) or lacked information about educational attainment (n = 18), yielding a final sample size 

of 1,634 participants. This study was conducted in compliance with the Declaration of Helsinki 

and approved by the University of California San Diego Institutional Review Board. All 

participants provided written informed consent prior to participation at each visit. 

 

2.2. Exposure Measures 

 

 Measurements of serum creatinine, urine albumin and urine creatinine were collected at the 

baseline 1992-96 visit and at three subsequent visits until 2003-2006. SUA was measured in 98% 

of the participants at baseline and, in a subset of participants (n=515), at the 1997-1999 clinic 

visit. A timeline of the data collection for the kidney function biomarkers and cognitive tests 

used in this study is shown in Figure 2.S1. At each clinic visit, blood samples were collected 

after a requested overnight fast, and a single, clean-catch, untimed morning urine sample was 

collected. Urine albumin and creatinine were measured at the National Institutes of Health 

laboratory of Dr. Peter Bennett. (Phoenix, Arizona). Urine albumin was measured using the 

Behring Nephelometer BNA (Dade Behring GmbH, Marburg, Germany). The lower limit of 

detection of the assay was 6.8 mg/L; values <6.8 mg/L were assigned a value of 6.7 mg/L. The 

interassay coefficient of variance was 4.5%. Urine creatinine was measured by the kinetic 

alkaline picrate method using the Ciba-Corning Express (Corning, Medfield, Massachusetts). 

SUA and serum creatinine were measured by SmithKline Beecham Clinical Laboratories (King 

of Prussia, Pennsylvania). Serum creatinine was determined by the Jaffe reaction method, and 

SUA was measured using the phosphotungstate method. Serum creatinine was indirectly 

calibrated to the Cleveland Clinic Laboratory by using RBS and NHANES III data [17] and 
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performing a linear regression of data combining the two studies adjusting for age and sex. The 

visit specific parameter estimates for the RBS versus NHANES III study were then subtracted 

from the raw serum creatinine values. eGFR was calculated using the CKD-EPI method using 

calibrated serum creatinine, age, race and sex [18]. Urine albumin to creatinine ratio (ACR) was 

calculated as follows: ACR (mg/g) = urine albumin (mg/dL)/ urine creatinine (g/dL). 

Albuminuria was defined as ACR ≥ 25 mg/g for men and ACR ≥ 30 mg/g for women (to reflect 

a higher urine creatinine excretion in men than in women). Hyperuricemia was defined as SUA ≥ 

6.8 mg/dl for men and SUA ≥ 6.0 mg/dl for women. 

 

2.3. Cognitive Function 

 

 Cognitive function was assessed at the 1992–1996 research clinic visit and at five 

subsequent visits at approximate four-year intervals thereafter, with the most recent cognitive 

assessment occurring between 2014–2016. A battery of standardized neuropsychological tests 

assessing global cognitive function (the Mini Mental State Exam, MMSE [19], executive 

function and psychomotor processing speed (the Trail-Making Test Part B (“Trails B”) of the 

Halsted Reitan Battery [20], and verbal semantic fluency [21] (category fluency, assessed by 

number of unique animals named in one minute) were administered at each of these visits. A 

measure of verbal episodic memory, the total recall score from the Buschke Selective Reminding 

Task (“Buschke total recall”) [22] was administered at 5 visits; it was not given at the 1992–1996 

baseline visit or the 2007–2009 research visits due to time constraints. We created a retest effect 

variable defined as zero on the participant’s first cognitive assessment and one on all following 

assessments [23]. 
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2.4. Covariate Assessment 

 Lifestyle variables including smoking, alcohol consumption, and exercise (≥3 

times/week), were acquired through standard questionnaires at the 1992–1996 baseline visit. 

Height and weight were measured using a regularly calibrated stadiometer and balance-beam 

scale with participants in light clothing and no shoes. Body mass index (BMI) was calculated as: 

weight (kg)/(height (m)2). Blood pressure was recorded by a trained nurse according to the 

Hypertension Detection and Follow-up Program protocol [24] as the mean of two readings 

obtained five minutes apart while the participant was in a rested, seated position. Current use of 

antihypertensive, antihyperuricemic or antidiabetic medications was obtained by questionnaire. 

Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 

mmHg or use of antihypertensive medications. Diabetes status was based on the following 

criteria: Fasting plasma glucose > 126 mg/dL, 2-h post-challenge plasma glucose > 200mg/dL, 

use of diabetes medications, or self-reported physician diagnosis. Total lean body mass (kg) was 

obtained using dual-energy x-ray absorptiometry (DXA) of the total body. 

 

2.5. Statistical Analysis 

 Descriptive statistics were calculated for baseline variables including the frequency and 

percent for categorical variables and the mean and standard deviation (SD) or median and 

interquartile range (IQR) for normally or non-normally distributed continuous variables, 

respectively. Differences in covariates by measures of renal function were assessed by chi-square 

analysis and ANOVAs as appropriate. To account for correlations between renal function and 

aging, reported p-values have been adjusted for baseline age.   
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 Group-based trajectory analyses using latent class mixture models are utilized to identify 

distinct groups within the population representing different patterns of change of a measurement 

over time [25]. Individuals are classified to a group using the estimated posterior probabilities of 

membership. This method allows for missing data, irregular spacing of measurements and can 

incorporate both time-stable and time-dependent predictors. In addition, different functional 

forms of the trajectories (linear, quadratic, etc.) can be modeled. eGFR and log transformed ACR 

trajectories over 10 years were modeled as a function of time, and the model with the lowest 

Bayesian Information Criterion (BIC) was used to determine the number of distinct groups. This 

analysis was limited to individuals with at least two serum creatinine or ACR measurements (n= 

1,227 and n=1,246; respectively). eGFR and ACR were adjusted for age by performing a linear 

regression of each kidney function biomarker on age at the time of measurement and adding the 

residuals to the biomarker mean prior to trajectory estimation. As SUA was measured only twice 

in a limited number of individuals, SUA trajectories were not estimated. 

 Linear mixed effects models were used to assess the associations of baseline eGFR, ACR 

and SUA and biomarker trajectories on longitudinal changes in test scores for the various 

cognitive domains. This statistical approach accommodates missing data, inconsistent 

measurement intervals and accounts for within-subject correlation between repeated measures. 

Models include random intercept and time (years since baseline) effects, which allows individual 

subject baseline levels and slopes to vary randomly about the mean trajectory defined by the 

fixed effects. A time by exposure interaction term was included to assess the influence of kidney 

function biomarkers on cognitive change over time. To account for potential retest effects, we 

regressed each cognitive test on the respective retest effect variable and added the residuals to 

the test mean before subsequent analyses. 
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 Beta estimates and 95% confidence intervals were estimated adjusting for factors that 

have been previously related to both the kidney biomarkers and cognitive function [26–29] in (1) 

a minimally adjusted model including time, time squared, baseline age (years), sex, and 

education (some college; yes/no); (2) a fully adjusted model adding potential confounding 

lifestyle behaviors including smoking (never/current/former), exercise (≥3 times/week; yes/no) 

and alcohol consumption (daily alcohol intake; yes/no) and health-related factors including BMI, 

hypertension (yes/no), diabetes (yes/no), history of stroke (yes/no), history of heart attack 

(yes/no), antihyperuricemic medication use (yes/no) and lipid-lowering medication use (yes/no). 

A time by kidney function biomarker interaction term was included in all models to assess the 

influence of each marker on changes in cognitive function over time. Sex interactions were 

assessed by testing a two-way sex by biomarker term and a three-way sex by biomarker by time 

term in the models. Interactions with a likelihood-ratio-test p-value < .05 were considered 

significant. Due to the presence of significant sex by biomarker interactions analyses were 

carried out and reported stratified by sex. 

 To account for multiple testing, we used the PROC MULTTEST procedure in SAS to 

calculate q-values, which are adjusted p-values controlling for the false discovery rate [30]. A q-

value < 0.05 was considered statistically significant. All analyses were carried out using SAS 9.4 

(SAS Institute Inc., Cary, NC, USA). 

2.6 Sensitivity analyses 

 Individuals with decreased renal function may be at higher risk of death or dropout due to 

poor health (e.g. end-stage renal disease or cardiovascular disease) precluding the event of 

interest. Assuming these individuals were at increased risk of cognitive impairment, death and 

dropout would be competing events, which could lead to biased risk estimates. Sensitivity 
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analyses were performed via a joint model framework that incorporates informative dropout and 

death into a mixed model using the %SPM SAS macro [31]. The influence of diabetes and stroke 

on our results was examined by repeating analysis after excluding individuals with diabetes or a 

history of stroke at baseline. To address the potential confounding effects of muscle mass on 

serum creatinine, the full models were also repeated with additional adjustment for total lean 

body mass in the subset of individuals with this measure (n=1515). 

 

3. Results 

3.1. Participant Characteristics 

 Study participants had a mean age of 71.7 years (SD = 10.6) at the baseline (1992-1996) 

visit and an average follow-up of 8.1 (SD = 6.6) years (maximum 23.4 years). Participant 

characteristics are presented by sex (Table 2.S1), by albuminuria (Table 2.1), by hyperuricemia 

(Table 2.S2) and by eGFR<60 (Table 2.S3). Albuminuria was evident in 12% (n=201) of 

participants. Almost 20% of the study population had an eGFR<60 ml/min, however only 4.8% 

of participants had an eGFR < 45  (n=7) and no participants had an eGFR <15. Mean serum uric 

acid levels were higher in men compared to women (mean +/- SD = 5.45 +/- 1.32 mg/dl and 4.36 

+/- 1.37 mg/dl respectively; p < .001); whereas eGFR levels were similar between women and 

men (mean, +/-SD = 73.83 +/- 16.94 mg/dl and 74.35 +/- 15.86 mg/dl, respectively; p = 0.59) 

(Table 2.S1). Women had a higher median ACR compared to men (median, interquartile range 

(IQR)= 13.40, 13.55 mg/g versus 8.93, 12.14 mg/g; p = 0.001), however albuminuria (elevated 

ACR) was more frequent in men versus women (16.1% vs 11.8%; p = .02) (Table 2.S1). 

Participants with albuminuria, hyperuricemia and eGFR<60 ml/min tended to be older and more 
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likely to have hypertension (p-values ≤ .001) with the exception that there was little difference in 

age in men with or without hyperuricemia (p = .12). Albuminuria was associated with a higher 

likelihood of being diabetic (p < .01) as was hyperuricemia, but only in women (p = .003). 

3.2 Albuminuria and cognitive function 

 Sex-specific beta-estimates and standard deviations (SD) for the main and slope effects 

from the longitudinal mixed-effects analyses of baseline albuminuria and cognitive function are 

shown in Table 2.2. No albuminuria is the reference level for all analyses. The main effects 

indicate baseline differences according to albuminuria status, and the albuminuria by time 

interaction estimates the slope of cognitive change over time by albuminuria status. We detected 

a significant interaction between albuminuria and sex for cognitive trajectories in Trails B (p = 

.04) ), such that associations with albuminuria were evident in men, but not women. In sex-

specific analyses, there were no significant main or interaction effects of albuminuria on 

cognitive test performance in women (p-values ≥ 0.14). The modeled trajectories of each 

cognitive test over time as a function of albuminuria status in men is shown in Figure 2.1. As 

demonstrated by beta estimates of the time by albuminuria interaction terms in minimally 

adjusted models, albuminuria was significantly associated with larger declines in performance on 

the MMSE, Trails B and Buschke total recall tests in men only (p = 0.005; p < .0001; p = .03, 

respectively). The magnitude and significance of these declines were similar after additional 

adjustment for lifestyle and health related variables. After controlling for the false discovery rate 

the association between albuminuria and decline in Buschke total recall score in men was 

significant in fully adjusted models only (p = .02; q=0.04). Men with albuminuria had larger 

estimated declines in the category fluency test, but these associations were not statistically 

significant (p = .06, q=0.08) in fully adjusted models.  
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 In our latent class mixture model analysis of repeated log ACR measurements, the best fit 

to data was obtained with two latent classes in both men and women (Figures 2.S2 and 2.S3). 

Class 1 was considered the low ACR group (median, IQR=5.08, 5.55 in women; 4.69, 5.56 in 

men), and class 2 was considered the high ACR group (median, IQR=30.60, 63.65 in women; 

66.58, 129.74 in men). Results of the mixed model analyses with log ACR latent classes were 

consistent with those using clinical cut points for albuminuria showing larger declines in 

cognitive performance for men in the high vs low ACR class and no significant differences 

among women (Table 2.S4).  

3.3. Hyperuricemia and Cognitive Function  

 There were no significant associations between hyperuricemia and longitudinal 

performance on any cognitive tests (p-values ≥ .11; Table 2.3) in either sex. We detected a 

significant interaction between the main effect of hyperuricemia and sex (p = .002 in fully 

adjusted models). In men only, hyperuricemia was associated with lower baseline MMSE scores 

in minimally and fully adjusted models (β=-0.70, p = .009 and β=-0.83, p = .002, respectively).  

Modeled trajectories of MMSE score according to hyperuricemia status in men are shown in 

Figure 2.3. Hyperuricemia was not associated with baseline scores of Trails B, category fluency 

or Buschke total recall (p-values ≥ 0.11) in either sex.  

 

3.4. eGFR and Cognitive Function 

 We found no significant main or time interactive effects of eGFR < 60 status and 

cognitive performance on any tests (p’s ≥ 0.13; Table 2.S5) for either sex. Analysis using latent 

class mixture models in the subsets of men and women with two or more eGFR measurements, 
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revealed three latent classes within the data. (Figures 2.S4 and 2.S5). Class 1 was considered the 

low eGFR group (mean, SD=57.43, 13.35 in women; 61.12, 13.60 in men), class 2 the 

intermediate eGFR group (mean, SD=71.55, 11.91 in women; 75.68, 11.58 in men) and class 3 

the high eGFR group (mean, SD=86.86, 11.22 in women; 87.82, 11.22 in men). We found no 

significant differences in cognitive performance on any tests according to eGFR trajectory 

patterns (Table 2.S6).  

3.5. Sensitivity Analyses 

 The results were consistent in joint models that accounted for informative death or 

dropout (Tables 2.S7-2.S9). Parameter estimates were essentially unchanged when individuals 

with diabetes were not included in the analyses (data not shown). However, when those with a 

history of stroke were excluded the association between hyperuricemia and overall MMSE score 

in men was attenuated but remained significant (β=-0.53, p = .03). The addition of lean muscle 

mass to the models did not substantially change results. Among women, results were similar 

after controlling for the current use of estrogen replacement therapy (data not shown). 

 

4. Discussion 

 In this study, albuminuria, an early predictor of kidney disease, was associated with faster 

cognitive decline across multiple domains among men in a community-dwelling cohort followed 

up to 24 years. Similar results were found in these men when a latent class trajectory approach 

was used to characterize change in albumin-creatinine ratios over time. These results build upon 

an earlier analysis of this cohort that related albuminuria to a greater decline in global cognitive 

function, executive function, and verbal fluency tests over a single 7 year period in men only [9]. 
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The current study describes this association over an expanded follow-up period and extends this 

association to a measure of episodic memory. In men only, hyperuricemia was related to poor 

overall performance in global cognitive function but was not significantly associated with 

longitudinal decline in cognitive performance on any test. These associations persisted after 

accounting for health and lifestyle factors. We found no significant associations between eGFR 

level and cognitive performance over time. No significant associations between kidney function 

markers and cognitive performance were observed in women. 

 Our results are in agreement with prior prospective studies suggesting increased 

albuminuria is associated with poor cognitive performance [32–34]. Prior studies were limited to 

one or two cognitive assessments. To our knowledge, this study has the longest continued 

cognitive follow-up to date with up to 6 assessments. In addition, our work benefits from a 

comprehensive panel of cognitive function tests which allowed us to examine differences across 

several cognitive domains.  

 Albuminuria has been linked with cerebral small vessel disease, which is a major 

contributor to both vascular and mixed-type dementia and may also be a risk factor for 

Alzheimer’s disease [35]. Imaging studies suggest patients with albuminuria have higher 

frequency of lacunar infarcts, white matter hyperintensities, microbleeds and enlarged 

perivascular spaces, independent of a history of hypertension, diabetes or known stroke [35–38]. 

Although stroke and heart attack history and cardiovascular risk factors at baseline were 

accounted for in our analysis, unmeasured subclinical microvascular dysfunction may have also 

played a role. It remains unclear whether albuminuria directly impacts brain function or if this 

association solely reflects a shared risk factor model through which vascular dysfunction affects 
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the kidney and the brain independently. Further study is necessary to evaluate the potential 

causal relationship of albuminuria and cognitive decline.  

 eGFR level was not related to any measure of cognitive function in this study. The 

association between eGFR and cognitive ability in prospective studies is mixed with the majority 

of studies reporting a negative [6,8,39] or null association [32,40,41]. In the present study, the 

prevalence of CKD disease (stages 3b, 4, or 5) at baseline was somewhat modest at less than 

4.8%. This may have precluded our ability to detect cognitive declines associated with more 

severe loss of kidney function. Furthermore, given both the strong correlation between eGFR and 

age and the steep acceleration of cognitive function at advanced ages, mild or moderate kidney 

impairment may be a less informative predictor of cognitive ability in older individuals. It is also 

possible that creatinine based eGFR was confounded by muscle mass. However, results were 

essentially unchanged after controlling for lean muscle mass. 

 Our study is one of few that have examined the association of repeated measures of renal 

function and cognitive performance [39,42]. While we did not find significant differences in 

cognitive ability by eGFR trajectory, we did observe steeper declines in cognitive function in 

men with higher baseline log ACR values over time. However, the ACR trajectories did not 

explain more variation in longitudinal cognitive performance than the baseline measure of 

albuminuria alone. Nonetheless, it should be noted that we were able to identify individuals at 

increased risk of cognitive decline independently of a priori clinical cut points suggesting that 

latent trajectory modelling is an effective method of identifying groups of individuals with 

different risk profiles. We did not detect groups with a dynamic increase in ACR in the present 

analysis which may be a consequence of the relatively older mean age of the study sample. A 

recent study employed similar methodology to explore 20-year trajectories of ACR from young 
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adulthood and myocardial structure using data from the CARDIA cohort study [43]. The 

CARDIA study results suggest that ACR trajectories may diverge earlier in the life course, 

within an age range that was not captured in the current sample.  

 The biological basis of the observed sex differences is unknown. The sex difference may 

be related to variation in the specific etiologies of cognitive impairment unique to men and 

women. Indeed, men have been shown to have higher rates of vascular dementia compared to 

women [44,45]. It may be possible that in the presence of albuminuria, men have a higher 

underlying susceptibility to accelerated microvascular dysfunction than women. In support of 

this, a study of patients with type II diabetes revealed that men with albuminuria were more 

likely than women to have evidence of ischemic heart disease [46]. In addition, progression of 

micro to macroalbuminuria is more likely to occur in men than women [47], suggesting that 

microalbuminuria may impose a greater sustained risk of downstream microvascular damage in 

men. It is unlikely that differences in exercise habits and muscle mass account for the apparent 

sex differences, since controlling for both did not change our results. 

 The literature describing the association between serum uric acid and cognitive function 

has likewise been inconsistent. Our finding that men with hyperuricemia have worse baseline 

global cognitive function than men with normal serum uric acid levels is consistent with several 

previous studies that linked higher serum uric acid levels to decreased cognitive ability [48–50]. 

In a longitudinal study of older community-dwelling adults, Latourte et al. found a significant 

association between increased SUA level and the risk of incident dementia [49]. Interestingly, 

after adjustment for stroke the association with vascular or mixed-type dementia disappeared. In 

our study, the association between hyperuricemia and MMSE was substantially attenuated after 

participants with a history of stoke were excluded. Taken together these results suggest a 
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possible mediating association of cerebrovascular disease in the causal pathway. This is further 

supported by studies that reported a higher risk of cerebrovascular disease with levels of SUA 

[50,51]. It is unclear why this association was observed only in men. However, these results are 

consistent with a small study carried out by Lin et al. that detected lower cognitive test 

performance and spontaneous brain activity with pre-hyperuricemia and hyperuricemia in men 

only [52]. In contrast to our results, several observational studies have reported an inverse 

association between SUA levels and cognitive impairment or Alzheimer’s disease [53,54]. 

Recently, two mendelian randomization studies found no clinically relevant evidence for a causal 

association between serum uric acid levels and Alzheimer’s disease or cognition [55,56] 

suggesting that the observed associations may be a result of residual confounding or reverse 

causation.  

 There are several limitations to this work. The characteristics of the RBS cohort, which is 

predominantly white, middle class and well educated, may restrict generalizability to other 

populations. However, the relative homogeneity of participants may help preserve the internal 

validity of our results by avoiding potential confounding effects of socioeconomic status, 

education and health care access. Furthermore, the baseline age of the study sample (mean=71.7 

years) limited our ability to detect changes in markers of kidney function occurring at an earlier 

age. There are also several strengths to our study. The comprehensive data collected on the RBS 

cohort allowed for the adjustment of several potential lifestyle and health-related confounders. In 

addition, this study leverages one of the longest cognitive follow-up periods (24 years) to date 

and includes assessments of multiple cognitive domains.  

 In conclusion, we found significant associations between albuminuria and decline in 

multiple cognitive domains in men but not women. Men with high serum uric acid also 
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performed more poorly on a test of global cognitive function. Kidney function as measured by 

eGFR was not associated with cognitive ability in this study. Given the results of the current and 

prior studies, it seems albuminuria may serve as a clinically relevant, noninvasive marker of 

microvascular dysfunction in both the kidney and the brain, particularly among men. 
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Table 2.1. Baseline (1992-1996) characteristics of participants according to urine albumin-creatinine ratio; the 
Rancho Bernardo Study (n=1,634) 

Abbreviations: ACR, albumin-creatinine ratio; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-
C, HDL-cholesterol;  LDL-C, LDL-cholesterol; SBP, systolic blood pressure; SUA, serum uric acid 
Values are shown as n (%) for categorical variables and mean (SD) for continuous variables. 
aMedian and interquartile rang
 

 

 

 

 

 Women (n=993) Men (n=641) 

 
ACR<30mg/g 
(n=876) 

ACR≥30mg/g 
(n=117) 

p-value ACR<25mg/g 
(n=538) 

ACR≥25mg/g  
(n=103) 

p-value 

Age (years) 70.92 (10.66) 78.49 (9.96) <.001 70.72 (10.30) 76.12 (8.89) <.001 

Some College 577 (65.9) 81 (69.2) .29 464 (86.2) 82 (79.6)  .19 

Exercise (≥3 times/week)  618 (70.5) 59 (50.4) <.001 408 (75.8) 76 (73.8)  .75 

Smoking Status   .75    .28 

Never 423 (48.3) 68 (58.1)  189 (35.1) 27 (26.2)  

Past 388 (44.3) 37 (31.6)  320 (59.5) 71 (68.9)  

Current 65 (7.4) 12 (10.3)  29 (5.4) 5 (4.9)  

Daily Alcohol Drinking 256 (29.2) 27 (23.1) .10 223 (41.4) 41 (39.8)  .42 

History of MI 38 (4.3) 10 (8.5) .49 53 (9.9) 15 (14.6)  .49 

History of Stroke 21 (2.4) 9 (7.7) .02 16 (3.0) 8 (7.8)  .08 

Diabetes 96 (11.0) 29 (24.8) .003 82 (15.2) 28 (27.2)  .01 

Hypertension 503 (57.4) 99 (84.6) <.001 306 (56.9) 83 (80.6) <.001 

History of Kidney Disease 8 (0.9) 5 (4.3) .01 5 (0.9) 3 (2.9)  .08 

Lipid Lowering Drug 81 (9.2) 10 (8.5) .66 61 (11.3) 5 (4.9)  .14 

Antihypertensive Drug 308 (35.2) 72 (61.5) <.001 201 (37.4) 67 (65.0) <.001 

Antihyperuricemic Drug 7 (0.8) 0 (0.0) .26 13 (2.4) 12 (11.7) <.001 

Estrogen Use 404 (46) 43 (37) 0.74 NA NA  

BMI (kg/m2) 24.78 (4.12) 24.04 (4.82) .41 26.26 (3.60) 26.25 (4.01)  .24 

SBP (mmHg) 136.29 (22.10) 148.72 (25.39) .003 133.30 (19.46) 147.78 (22.89) <.001 

DBP (mmHg) 74.49 (9.14) 75.01 (11.35) .08 77.13 (9.14) 79.47 (9.51)  .001 

HDL-C (mg/dl) 64.32 (16.61) 63.97 (18.34) .79 48.86 (13.16) 47.64 (15.17)  .08 

LDL-C (mg/dl) 128.23 (33.54) 124.34 (34.82) .42 124.91 (29.63) 125.55 (37.27)  .35 

Hyperuricemia  95 (10.8) 29 (24.8) .002 77 (14.3) 22 (21.4)  .12 

CKD (eGFR < 60 ml/min) 152 (17.4)  50 (42.7)  <.001  81 (15.1)  42 (40.8)  <.001 

eGFR (mL/min) 74.86 (16.41) 66.10 (18.76) .03 76.12 (14.32) 65.09 (19.90) <.001 

ACR (mg/g)a 11.96 (10.09) 55.46 (85.37) .001 8.10 (6.76) 56.22 (104.53) <.001 

SUA (mg/dl) 4.27 (1.31) 5.00 (1.65) <.001 5.38 (1.29) 5.85 (1.41)  .02 
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Table 2.2 Results of the longitudinal mixed-effects analyses of baseline albuminuria with cognitive function; the 
Rancho Bernardo Study(n=1,634) 

  Women  Men  P for sex  

  𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

MMSE       

Albuminuria Min -0.24 (0.19)  .22 0.27 (0.39) .29 .65 

Time × albuminuria Min -0.02 (0.03) .65 -0.10 (0.03) .005 b .09 

       

Albuminuriaa Full -0.14 (0.19) .35 0.36 (0.26) .17 .55 

Time × albuminuriaa Full -0.02 (0.03)  .56 -0.10 (0.03) .003 b .10 

       

Trails B       

Albuminuria Min 8.77 (5.94) .14 -0.37 (6.0) .95 .28 

Time × albuminuria Min 0.79 (1.06) .46 3.75 (0.85) <.0001b .04 

       

Albuminuriaa Full 5.88 (6.01) .33 -1.25 (5.69) .82 .38 

Time × albuminuriaa Full 0.91 (1.07) .40 3.87 (0.86) <.0001b .04 

       

Category fluency       

Albuminuria Min -0.47 (0.47) .30 -0.39 (0.55) .48 .46 

Time × albuminuria Min 0.01 (0.07) .87 -0.14 (0.07) .06 .09 

       

Albuminuriaa Full -0.27 (0.47) .31 0.14 (0.08) .79 .52 

Time × albuminuriaa Full 0.01 (0.07) .64 -0.14 (0.07) .06 .11 

       

Buschke total recall       

Albuminuria Min -2.15 (1.97) .26 0.89 (1.90) .64 .34 

Time × albuminuria Min 0.24 (0.28) .43 -0.59 (0.26) .03 .06 

       

Albuminuriaa Full -1.76 (1.98) .38 1.85 (1.94) .34 .19 

Time × albuminuriaa Full 0.18 (0.28) .66 -0.63 (0.26) .02 b .06 
Abbreviations: MMSE, Mini-Mental State Examination; Trails B, Trail-Making Test B 
All models Adjusted for baseline age and education (some college) 
a Additional adjustment for BMI, smoking, daily alcohol intake, exercise 3 or more times per week, estimated 
glomerular filtration rate, hypertension, diabetes, stroke, antihyperuricemic medication use, and lipid-lowering 
medication use. 
b q-value < 0.05 
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Table 2.3. Results of the longitudinal mixed-effects analyses of baseline hyperuricemia status with cognitive 
function; the Rancho Bernardo Study(n=1,634) 

Abbreviations: MMSE, Mini-Mental State Examination; Trails B, Trail-Making Test B 
All models Adjusted for baseline age and education (some college) 
a Additional adjustment for BMI, smoking, daily alcohol intake, exercise 3 or more times per week, estimated 
glomerular filtration rate, hypertension, diabetes,stroke,  antihyperuricemic medication use, and lipid-lowering 
medication use. 
b q-value < 0.05 

 

 

 

 Women  Men  P for sex  
  𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

MMSE       

Hyperuricemia Min 0.23 (0.19) .24 -0.70 (0.27) .009 b .001 

Time × Hyperuricemia Min -0.01 (0.03) .74 0.06 (0.04) .16 .07 

       

Hyperuricemia a Full 0.12 (0.19) .54 -0.83 (0.27) .002 b .002 

Time × Hyperuricemia a Full 
 

-0.02 (0.03) .63 0.05 (0.04) .18 .07 

       

Trails B       

Hyperuricemia Min 5.97 (5.54) .28 2.38 (6.15) .70 .59 

Time × Hyperuricemia Min -0.02 (0.92) .98 0.81 (0.79) .30 .43 

       

Hyperuricemia a Full 3.72 (5.68) .51 6.23 (6.15) .31 .85 

Time × Hyperuricemia a 
Full 
 

0.13 (0.92) .88 0.85 (0.79) .28 .48 

       

Category fluency       

Hyperuricemia Min -0.38 (0.42) .38 -0.35 (0.59) .55 .89 

Time × Hyperuricemia Min 0.03 (0.06) .60 0.10 (0.07) .14 .42 

       

Hyperuricemia a Full -0.17 (0.44) .71 -0.49 (0.60) .42 .98 

Time × Hyperuricemia a 
Full 
 

0.03 (0.06) .65 0.10 (0.07) .13 .41 

       

Buschke total recall       

Hyperuricemia Min 2.57 (1.60) .09 1.80 (1.83) .33 .79 

Time × Hyperuricemia Min -0.28 (0.18) .12 -0.33 (0.21) .12 .94 

       

Hyperuricemia a Full 2.58 (1.62) .11 1.48 (1.85) .43 .85 

Time × Hyperuricemia a 
Full 
 

-0.28 (0.18) .12 -0.33 (0.20) .11 .88 
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Figure 2.1. Modeled trajectories of cognitive test performance over time as a function of 
albuminuria status in men. Plots are based on model coefficients using group-specific mean 
values for covariates: ageand education (some college). The axis for Trails B is reversed so 
that downward sloping lines show decreasing performance. 

 



 

43 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Modeled trajectories of MMSE performance over time as a function of 
hyperuricemia status in men. Plots are based on model coefficients using group-
specific mean values for covariates: age and education (some college). 
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Table 2.S1. Baseline (1992-1996) characteristics of participants according to sex; The Rancho Bernardo Study 
(n=1,634) 

Abbreviations: ACR, albumin-creatinine ratio; BDI, Beck Depression Inventory scale; BMI, Body Mass Index;  
DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, HDL-cholesterol; LDL-C, 
LDL-cholesterol; SBP, systolic blood pressure; SUA, serum uric acid 
Values are shown as n (%) for categorical variables and mean (SD) for continuous variables. 
aP-value adjusted for baseline age. 
bMedian and interquartile range. 
 

 All participants 

n=1634 

Women 

n=993 

Men 

n=641 

p-valuea 

Age (years) 71.72 (10.63) 71.81 (10.86) 71.59 (10.27) .67 

Some College 1204 (73.7) 658 (66.3) 546 (85.2) .01 

Exercise (≥3 times/week)  1161 (71.1) 677 (68.2) 484 (75.5) .002 

Smoking Status    <.001 

Never 707 (43.3) 491 (49.4) 216 (33.7)  

Past 816 (49.9) 425 (42.8) 391 (61.0)  

Current 111 (6.8) 77 (7.8) 34 (5.3)  

Daily Alcohol Drinking 547 (33.5) 283 (28.5) 264 (41.2) <.001 

History of MI 116 (7.1) 48 (4.8) 68 (10.6) <.001 

History of Stroke 54 (3.3) 30 (3.0) 24 (3.7) .43 

History of Kidney Disease 21 (1.3) 13 (1.3) 8 (1.2) .93 

Diabetes 235 (14.4) 125 (12.6) 110 (17.2) .01 

Hypertension 997 (61.0) 602 (60.6) 389 (60.7) .80 

Lipid Lowering Drug 157 (9.6) 91 (9.2) 66 (10.3) .48 

Antihypertensive Drug 648 (39.7) 380 (38.3) 268 (41.8) .16 

Antihyperuricemic Drug 32 (2.0) 7 (0.7) 25 (3.9) <.001 

Estrogen Use NA 447 (45) NA  

BMI (kg/m2) 25.30 (4.08) 24.69 (4.21) 26.26 (3.67) <.001 

SBP (mmHg) 136.91 (22.05) 137.74 (22.84) 135.63 (20.73) .06 

DBP (mmHg) 75.71 (9.45) 74.55 (9.42) 77.51 (9.23) <.001 

HDL-C (mg/dl) 58.17 (17.36) 64.28 (16.82) 48.66 (13.50) <.001 

LDL-C (mg/dl) 126.69 (32.67) 127.78 (33.70) 125.02 (30.96) .10 

BDI 5.32 (4.41) 5.80 (4.64) 4.60 (3.93) <.001 

Albuminuria 201 (12.3) 117 (11.8) 103 (16.1) .02 

Hyperuricemia  223 (13.6) 124 (12.5) 99 (15.4) .08 

CKD (eGFR < 60 ml/min)  325 (19.9) 202 (20.3)  123 (19.2)  .61 

eGFR (mL/min) 74.03 (16.52) 73.83 (16.94) 74.35 (15.86) .59 

ACR (mg/g)b 11.55 (13.77) 13.40 (13.55) 8.93 (12.14) .001 

SUA (mg/dl) 4.79 (1.45) 4.36 (1.37) 5.45 (1.32) <.001 
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Table 2.S2. Baseline (1992-1996) characteristics of participants according to hyperuricemia status; The Rancho 
Bernardo Study (n=1,634) 

 Women (n=993) Men (n=641) 

 
No 
hyperuricemia 
(n=869) 

Hyperuricemia 
(n=124) 

p-
value 

No 
hyperuricemia 
(n=542) 

Hyperuricemia 
(n=99) 

p-
value 

Age (years) 71.05 (10.77) 77.10 (9.97) <.001 71.31 (10.19) 73.07 (10.65) .12 

Some College 581 (66.9) 77 (62.1) .39 460 (84.9) 86 (86.9) .48 

Exercise (≥3 times/week)  608 (70.0) 69 (55.6) .008 415 (76.6) 69 (69.7) .15 

Smoking Status   .38   .29 

Never 431 (49.6) 60 (48.4)  182 (33.6) 34 (34.3)  

Past 370 (42.6) 55 (44.4)  327 (60.3) 64 (64.6)  

Current 68 (7.8) 9 (7.3)  33 (6.1) 1 (1.0)  

Daily Alcohol Drinking 247 (28.4) 36 (29.0) .95 211 (38.9) 53 (53.5) .01 

History of MI 29 (3.3) 19 (15.3) <.001 58 (10.7) 10 (10.1) .67 

History of Stroke 23 (2.6) 7 (5.6) .32 18 (3.3) 6 (6.1) .26 

History of Kidney Disease 9 (1.0) 4 (3.2) .10 5 (0.9) 3 (3.0) .08 

Diabetes 97 (11.2) 28 (22.6) .003 93 (17.2) 17 (17.2) .88 

Hypertension 498 (57.3) 104 (83.9) <.001 312 (57.6) 77 (77.8) <.001 

Lipid Lowering Drug 74 (8.5) 17 (13.7) .10 54 (10.0) 12 (12.1) .40 

Antihypertensive Drug 295 (33.9) 85 (68.5) <.001 210 (38.7) 58 (58.6) <.001 

Antihyperuricemic Drug 5 (0.6) 2 (1.6) .22 24 (4.4) 1 (1.0) .08 

Estrogen Use 399 (46) 48 (40) 0.54 NA NA NA 

BMI (kg/m2) 24.47 (4.03) 26.20 (5.12) <.001 26.00 (3.54) 27.66 (4.06) <.001 

SBP (mmHg) 136.93 (22.75) 143.37 (22.75) .49 135.18 (20.80) 138.08 (20.28) .47 

DBP (mmHg) 74.66 (9.28) 73.80 (10.35) .86 77.31 (9.20) 78.57 (9.39) .12 

HDL-C (mg/dl) 65.32 (16.45) 57.01 (17.58) <.001 49.25 (13.53) 45.46 (12.97) .01 

LDL-C (mg/dl) 127.84 (33.36) 127.29 (36.09) .86 124.07 (30.59) 130.18 (32.58) .07 

BDI 5.58 (4.54) 7.26 (5.04) .007 4.62 (4.03) 4.46 (3.34) .35 

Albuminuria 88 (10.1) 29 (23.4) .002 66 (12.2) 18 (18.2) .12 

CKD (eGFR < 60 ml/min) 128 (14.7)  74 (59.7)  <.001 89 (16.4)  34 (34.3)  <.001 

eGFR (mL/min) 76.25 (15.51) 56.84 (16.85) <.001 75.86 (15.28) 66.06 (16.54) <.001 

ACR (mg/g)a 13.20 (13.23) 12.99 (24.22) .19 8.93 (10.51) 9.30 (18.01) .12 

SUA (mg/dl) 3.99 (0.98) 6.94 (0.84) <.001 5.05 (0.96) 7.64 (0.79) <.001 

Abbreviations: ACR, albumin-creatinine ratio; BDI, Beck Depression Inventory scale; BMI, Body Mass Index;  DBP, 
diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, HDL-cholesterol; LDL-C, LDL-
cholesterol; SBP, systolic blood pressure, SUA, serum uric acid 
Values are shown as n (%) for categorical variables and mean (SD) for continuous variables. 
aMedian and interquartile range. 
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Table 2.S3. Baseline (1992-1996) characteristics of participants according to eGFR level; The Rancho Bernardo 
Study (n=1,634) 

 Women (n=993) Men (n=641) 

 
eGFR ≥ 60 
(n=791) 

eGFR < 60 
(n=202) 

p-
value 

eGFR ≥ 60 
(n=518) 

eGFR < 60 
(n=123) 

p-
value 

Age (years) 69.90 (10.46) 79.28 (9.01) <.001 69.75 (10.05) 79.31 (7.11) <.001 

Some College 526 (66.5) 132 (65.3) .93 447 (86.3) 99 (80.5) .44 

Exercise (≥3 
times/week)  

543 (68.6) 134 (66.3) .49 393 (75.9) 91 (74.0) .79 

Smoking Status   .45   .10 

Never 393 (49.7) 98 (48.5)  173 (33.4) 43 (35.0)  

Past 330 (41.7) 95 (47.0)  314 (60.6) 77 (62.6)  

Current 68 (8.6) 9 (4.5)  31 (6.0) 3 (2.4)  

Daily Alcohol Drinking 226 (28.6) 57 (28.2) .63 212 (40.9) 52 (42.3) .51 

History of MI 25 (3.2) 23 (11.4) .004 52 (10.0) 16 (13.0) .58 

History of Stroke 17 (2.1) 13 (6.4) .09 19 (3.7) 5 (4.1) .25 

History of Kidney 
Disease 

6 (0.8) 7 (3.5) .01 5 (1.0) 3 (2.4) .38 

Diabetes 86 (10.9) 39 (19.3) .02 80 (15.4) 30 (24.4) .11 

Hypertension 442 (55.9) 160 (79.2) <.001 291 (56.2) 98 (79.7) <.001 

Lipid Lowering Drug 71 (9.0) 20 (9.9) .96 58 (11.2) 8 (6.5) .57 

Antihypertensive Drug 263 (33.2) 117 (57.9) <.001 193 (37.3) 75 (61.0) <.001 

Antihyperuricemic 
Drug 

4 (0.5) 3 (1.5) .17 14 (2.7) 11 (8.9) .006 

Estrogen Use 385 (48) 62 (31) 0.29 NA NA NA 

BMI (kg/m2) 24.72 (4.26) 24.56 (4.04) .37 26.42 (3.73) 25.56 (3.33) .89 

SBP (mmHg) 135.91 (22.45) 144.91 (22.99) .51 133.87 (19.95) 143.02 (22.35) .44 

DBP (mmHg) 74.77 (8.99) 73.72 (10.91) .39 77.84 (8.81) 76.09 (10.75) .90 

HDL-C (mg/dl) 64.70 (16.40) 62.62 (18.31) .15 48.66 (12.95) 48.66 (15.67) .08 

LDL-C (mg/dl) 127.91 (33.17) 127.27 (35.77) .81 125.23 (29.81) 124.13 (35.51) .29 

 BDI 5.47 (4.52) 7.09 (4.90) .07 4.28 (3.85) 5.93 (4.00) .18 

Albuminuria 67 (8.5) 50 (24.8) <.001 50 (9.7) 34 (27.6) <.001 

Hyperuricemia  50 (6.3) 74 (36.6) <.001 65 (12.5) 34 (27.6) <.001 

eGFR (mL/min) 80.11 (12.11) 49.24 (8.73) <.001 79.96 (11.39) 50.71 (8.58) <.001 

ACR (mg/g)a 13.07 (12.77) 15.37 (23.69) .01 8.48 (9.05) 14.89 (28.42) <.001 

SUA (mg/dl) 4.08 (1.17) 5.44 (1.57) <.001 5.30 (1.25) 6.08 (1.42) <.001 

Abbreviations: ACR, albumin-creatinine ratio; BDI, Beck Depression Inventory scale; BMI, Body Mass Index; DBP, 
diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, HDL-cholesterol; LDL-C, LDL-
cholesterol; SBP, systolic blood pressure, SUA, serum uric acid 
Values are shown as n (%) for categorical variables and mean (SD) for continuous variables. 
aMedian and interquartile range. 
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Table 2.S4. Association of ACR trajectory group with cognitive function trajectory; The Rancho Bernardo Study 
(n=1246) 

  Women  Men  P for sex  

 Model 𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

MMSE       

High ACR group Min -0.30 (0.19) .13 0.32 (0.24) .19 .08 

Time × High ACR group Min 0.04 (0.03) .25 -0.12 (0.04) .005 b .007 

       

High ACR group a Full -0.24 (0.19) .20 0.46 (0.26) .07 .03 

Time × High ACR group a Full 
 

0.03 (0.03) .28 -0.11 (0.04) .006 b .007 

       

Trails B       

High ACR group Min 9.86 (5.88) .09 -1.74 (7.89) .82 .25 

Time × High ACR group Min -0.65 (1.00) .52 3.73 (1.06) .0005 b .004 

       

High ACR group a Full 8.03 (5.98) .18 -1/92 (7.90) .81 .27 

Time × High ACR group a 
Full 
 

-0.69 (1.01) .49 3.74 (1.06) .0005 b .004 

       

Category fluency       

High ACR group Min -0.36 (0.52) .49 0.39 (0.83) .61 .34 

Time × High ACR group Min 0.02 (0.06) .81 -0.20 (0.09) .04 .04 

       

High ACR group a Full -0.17 (0.53) .75 0.65 (0.85) .39 .32 

Time × High ACR group a 
Full 
 

0.01 (0.06) .87 -0.21 (0.09) .03 b .04 

       

Buschke total recall       

High ACR group Min -3.12 (1.94) .11 1.16 (2.49) .64 .19 

Time × High ACR group Min 0.51 (0.28) .06 -0.53 (0.34) .12 .02 

       

High ACR group a Full -3.08 (1.97) .12 2.07 (2.52) .26 .12 

Time × High ACR group a 
Full 
 

0.50 (0.27) .06 -0.60 (0.34) .08 .02 

Abbreviations: ACR, albumin-creatinine ratio; MMSE, Mini-Mental State Examination;  
Trails B, Trail-Making test B 
All models Adjusted for baseline age and education (some college) 
Low ACR group serves as reference category for all models. 
Minimal Model (Min): Adjusted for baseline age and education (some college) 
Full Model: Adds adjustment for BMI, smoking, daily alcohol intake, exercise ≥3 times/ week, hypertension, diabetes, 
stroke,  antihyperuricemic medication use, and lipid-lowering medication use. 

      b q-value < 0.05 
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Table 2.S5. Results of the longitudinal mixed-effects analyses of eGFR<60 status with cognitive function; 
The Rancho Bernardo Study (n=1,634) 

Abbreviations: ACR, albumin/creatinine ratio; MMSE, Mini-Mental State Examination; Trails B, Trail-
Making Test B 
All models Adjusted for baseline age and education (some college) 
eGFR ≥ 60ml/min serves as reference category for all models 
a Additional adjustment for BMI, smoking, daily alcohol intake, exercise ≥3 times/ week, hypertension, 
diabetes, stroke,  Antihyperuricemic medication use, and lipid-lowering medication use. 

 

 Women  Men  P for sex  

  𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

MMSE       

 eGFR < 60ml/min Min 0.06 (0.16) .71 0.27 (0.24) .26 .76 

Time × eGFR < 60ml/min Min -0.03 (0.02) .23 -0.004 (0.03) .89 .46 

       

 eGFR < 60ml/mina Full 0.03 (0.16) .87 0.22 (0.24) .38 .59 

Time × eGFR < 60ml/mina Full 
 

-0.04 (0.02) .11 -0.003 (0.03) .91 .33 

       

Trails B       

 eGFR < 60ml/min Min 1.40 (4.77) .76 7.07 (13.3) .59 .02 

Time × eGFR < 60ml/min Min 0.34 (0.77) .66 -2.29 (1.67) .17 .46 

       

 eGFR < 60ml/mina Full 1.32 (4.76) .95 7.10 (16.8) .67 .06 

Time × eGFR < 60ml/mina 
Full 
 

0.43 (0.78) .57 -2.74 (2.86) .34 .54 

       

Category fluency       

 eGFR < 60ml/min Min -0.41 (0.36) .26 1.44 (1.49) .32 .002 

Time × eGFR < 60ml/min Min 0.04 (0.04) .44 -0.12 (0.24) .63 .19 

       

 eGFR < 60ml/mina Full -0.33 (0.34) .31 1.42 (1.68) .41 .003 

Time × eGFR < 60ml/mina 
Full 
 

-0.01 (0.04) .85 -0.09 (0.18) .56 .26 

       

Buschke total recall       

 eGFR < 60ml/min Min 1.22 (1.31) .35 1.47 (1.67) .38 .87 

Time × eGFR < 60ml/min Min -0.22 (0.15) .15 -0.11 (0.21) .61 .44 

       

 eGFR < 60ml/mina Full -0.16 (3.95) .97 1.52 (1.65) .36 .75 

Time × eGFR < 60ml/mina 
Full 
 

-0.05 (0.41) .91 -0.12 (0.21) .59 .45 
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Table 2.S6. Results of the longitudinal mixed-effects analyses of eGFR trajectory with cognitive function; 
The Rancho Bernardo Study (n=1227) 

 Women  Men  P for sex  

  𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

MMSE       

Low eGFR group Min 0.19 (0.19) .31 -0.11 (0.19) .58 .27 

Intermediate eGFR group Min 0.02 (0.13) .88 0.19 (0.15) .18 .91 

Time ×  Low eGFR group Min -0.008 (0.03) .75 -0.004 (0.03) .90 .92 

Time ×  Intermediate eGFR 
group 

Min -0.01 (0.02) .58 -0.012 (0.59) .59 .87 

       

Low eGFR group Full 0.09 (0.18) .61 -0.09 (0.19) .64 .49 

Intermediate eGFR group Full -0.03 (0.13) .80 0.25 (0.15) .10 .20 

Time ×  Low eGFR group Full -0.008 (0.02) .75 -0.006 (0.03) .85 .95 

Time ×  Intermediate eGFR 
group Full -0.01 (0.02) .58 -0.01 (0.02) .56 .88 

       

Trails B       

Low eGFR group Min 5.28 (5.69) .35 -3.84 (6.33) .54 .49 

Intermediate eGFR group Min -0.003 (4.11) .99 3.25 (4.94) .51 .20 

Time ×  Low eGFR group Min -0.70 (0.85) .41 -0.019 (0.80) .98 .27 

Time ×  Intermediate eGFR 
group 

Min -0.80 (0.61) .19 -0.72 (0.59) .22 .67 

       

Low eGFR group Full 6.55 (5.64) .25 -6.25 (6.34) .32 .16 

Intermediate eGFR group Full 0.78 (3.99) .84 3.58 (4.86) .46 .74 

Time ×  Low eGFR group Full -0.69 (0.85) .42 -0.02 (0.80) .97 .49 

Time ×  Intermediate eGFR 
group 

Full -0.81 (0.62) .19 -0.76 (0.59) .20 .91 

       

Category fluency       

Low eGFR group Min 0.36 (0.49) .45 -0.015 (0.66) .98 .71 

Intermediate eGFR group Min 0.17 (0.35) .62 0.51 (0.52) .32 .58 

Time ×  Low eGFR group Min -0.006 (0.05) .46 0.004 (0.07) .95 .95 

Time ×  Intermediate eGFR 
group 

Min 0.01 (0.04) .69 0.03 (0.06) .53 .85 

       

Low eGFR group Full 0.38 (0.49) .44 0.33 (0.68) .63 .81 

Intermediate eGFR group Full 0.19 (0.36) .59 0.65 (0.52) .21 .50 

Time ×  Low eGFR group Full -0.006 (0.05) .90 -0.007 (0.07) .92 .95 

Time ×  Intermediate eGFR 
group 

Full 0.02 (0.04) .68 0.03 (0.05) .59 .86 
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Abbreviations: ACR, albumin/creatinine ratio; MMSE, Mini-Mental State Examination; Trails B, Trail-
Making Test B 
All models Adjusted for baseline age and education (some college) 
High eGFR group serves as reference category for all models. 
a Additional adjustment for BMI, smoking, daily alcohol intake, exercise ≥3 times/ week,  hypertension, 
diabetes, stroke,  Antihyperuricemic medication use, and lipid-lowering medication use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Table 2.S6 continued 

  Women  Men  P for sex  

  𝜷 (S.E) p-value 𝜷 (S.E) p-value interaction 

Buschke total recall       

Low eGFR group Min 1.89 (1.43) .18 1.17 (1.75) .50 .81 

Intermediate eGFR group Min -0.56 (1.03) .59 0.13 (1.38) .92 .50 

Time ×  Low eGFR group Min -0.14 (0.15) .35 -0.07 (0.19) .66 .99 

Time ×  Intermediate eGFR 
group 

Min 0.03 (0.10) .72 0.12 (0.15) .44 .88 

       

Low eGFR group Full 1.57 (1.44) .28 1.56 (1.76) .38 .78 

Intermediate eGFR group Full -0.56 (1.02) .58 0.20 (1.37) .88 .65 

Time ×  Low eGFR group Full -0.14 (0.15) .35 -0.12 (0.19) .56 .75 

Time ×  Intermediate eGFR 
group 

Full 0.03 (0.10) .74 0.11 (0.15) .46 .71 
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Table 2.S7. Results of the longitudinal joint model analyses of baseline albuminuria with cognitive 
function accounting for death and dropout; The Rancho Bernardo Study (n=1,634) 

 Women  Men  

 𝜷 (S.E) 
p-
value 𝜷 (S.E) 

p-
value 

MMSE     
Albuminuria -0.52 (0.14)  .21 0.26 (0.25) .31 
Time × albuminuria -0.04 (0.04) .58 -0.11 (0.04) .004  

Trails B     
Albuminuria 8.78 (5.95) .14 -0.37 (5.8) .94 
Time × albuminuria 0.80 (1.07) .46 3.80 (0.85) <.001 

Category fluency     
Albuminuria -0.52 (0.45) .28 -0.39 (0.55) .48 
Time × albuminuria 0.01 (0.07) .91 -0.15 (0.07) .046 

Buschke total recall     
Albuminuria -1.74 (1.96) .35 0.85 (1.90) .66 
Time × albuminuria 0.17 (0.27) .65 -0.56 (0.27) .04 

Abbreviations: MMSE, Mini-Mental State Examination; Trails B, Trail-Making Test B 
All models Adjusted for baseline age and education (some college) 
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Table 2.S8. Results of the longitudinal joint model analyses of baseline hyperuricemia with cognitive 
function accounting for death and dropout; The Rancho Bernardo Study (n=1,634) 

 

Abbreviations: MMSE, Mini-Mental State Examination; Trails B, Trail-Making Test B 
All models Adjusted for baseline age and education (some college) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Women  Men  

 𝜷 (S.E) p-value 𝜷 (S.E) p-value 

MMSE     

Hyperuricemia 0.22 (0.19) .25 -0.70 (0.27) .009 

Time × Hyperuricemia -0.01 (0.03) .69 0.06 (0.04) .16 

Trails B     

Hyperuricemia 5.97 (5.55) .28 2.37 (6.16) .70 

Time × Hyperuricemia 0.14 (0.92) .87 0.81 (0.79) .30 

Category fluency     

Hyperuricemia -0.35 (0.42) .40 -0.31 (0.59) .59 

Time × Hyperuricemia 0.02 (0.05) .71 0.10 (0.07) .13 

Buschke total recall     

Hyperuricemia 2.82 (1.61) .07 1.91 (1.84) .28 

Time × Hyperuricemia -0.32 (0.18) .08 -0.35 (0.21) .09 
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Table 2.S9. Results of the longitudinal joint model analyses of baseline eGFR level with cognitive 
function accounting for death and dropout; The Rancho Bernardo Study (n=1,634) 

Abbreviations: MMSE, Mini-Mental State Examination; Trails B, Trail-Making Test B 
All models Adjusted for baseline age and education (some college) 
eGFR ≥ 60ml/min serves as reference category for all models 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Women  Men  

 𝜷 (S.E) p-value 𝜷 (S.E) p-value 

MMSE     

 eGFR < 60ml/min 0.06 (0.16) .71 0.28 (0.24) .25 

Time × eGFR < 60ml/min -0.03 (0.02) .21 -0.004 (0.03) .89 

Trails B     

 eGFR < 60ml/min 1.40 (4.78) .76 7.97 (15.2) .53 

Time × eGFR < 60ml/min 0.49 (0.77) .52 -2.64 (1.93) .20 

Category fluency     

 eGFR < 60ml/min -0.39 (0.36) .29 1.42 (1.51) .34 

Time × eGFR < 60ml/min 0.03 (0.05) .57 -0.10 (0.24) .69 

Buschke total recall     

 eGFR < 60ml/min 1.26 (1.32) .34 1.47 (1.67) .38 

Time × eGFR < 60ml/min -0.22 (0.16) .16 -0.04 (0.21) .83 
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Figure 2.S1. Timeline of kidney function biomarker and cognitive performance measurements used in 
baseline measure only and group-based biomarker trajectory analyses. Abbreviations: ACR, albumin-
creatinine ratio; eGFR, estimated glomerular filtration rate; SUA, serum uric acid 
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Figure 2.S2. Trajectory groups for logACR over time in men. Results 
of latent class mixture model analysis of repeated log ACR 
measurements are shown. The best fit to data was obtained with two 
trajectory groups. Abbreviations: ACR, albumin-creatinine ratio.  
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Figure 2.S3. Trajectory groups for logACR over time in women. 
Results of latent class mixture model analysis of repeated log ACR 
measurements are shown. The best fit to the data was obtained with 
two trajectory groups. Abbreviations: ACR, albumin-creatinine ratio. 
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Figure 2.S4. Trajectory groups for eGFR over time in men. Results 
of latent class mixture model analysis of repeated eGFR 
measurements are shown. The best fit to the data was obtained with 
three trajectory groups. Abbreviations: eGFR, estimated glomerular 
filtration rate. 
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Figure 2.S5. Trajectory groups for eGFR over time in women. Results 
of latent class mixture model analysis of repeated eGFR measurements 
are shown. The best fit to the data was obtained with three trajectory 
groups. Abbreviations: eGFR, estimated glomerular filtration rate. 
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CHAPTER 3: MARKERS OF KIDNEY FUNCTION, GENETIC VARIATION 

AND COGNITIVE PERFORMANCE IN THE UK BIOBANK 
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Abstract 
 
 Background: Chronic kidney disease has been linked to worse cognition. However, this 

association may be dependent on the marker of kidney function used, and studies assessing 

modification by genetics are lacking. This study examined associations between multiple 

measures of kidney function and assessed effect modification by a polygenic score for cognitive 

ability. 

 Methods: In this cross-sectional study of up to 341,208 European ancestry participants 

from the UK Biobank study, we examined associations between albuminuria and estimated 

glomerular filtration rate based on creatinine (eGFRcre) or cystatin C (eGFRcys) with cognitive 

performance on tests of verbal-numeric reasoning, reaction time and visual memory. Interaction 

between kidney function markers and a polygenic risk score for general cognitive function was 

also assessed. Adjustment for confounding factors was performed using multivariate regression 

and propensity-score matching.  

 Results: Albuminuria was associated with worse performance on tasks of verbal-numeric 

reasoning (β=-0.09, p<0.001), reaction time (β=7.06, p<0.001) and visual memory (β=0.013, 

p=0.01). A polygenic score for cognitive function modified the association between albuminuria 

and reaction time with significantly slower reaction times in those with albuminuria and a lower 

polygenic score (p<0.001). Compared to participants with GFR≥60ml/min, those with 

eGFR<60ml/min had lower verbal-numeric reasoning scores and slower mean reaction times 

(verbal numeric reasoning β=--.11, p<0.001 and reaction time β=6.08, p<0.001 for eGFRcys<60 

vs eGFRcys≥60). Associations were strongerusing cystatin C-based eGFR than creatinine-based 

eGFR (verbal numeric reasoning β=-0.21, p<0.001 and reaction time β=11.21, p<0.001 for 

eGFRcys<60 vs eGFRcys≥60).  
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 Conclusions: Increased urine albumin is associated with worse cognition, but this may 

depend on low genetic risk. Cystatin C-based eGFR may serve as a better marker of cognitive 

performance than creatinine-based estimates.  
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INTRODUCTION 

 According to the United Nations, older individuals (ages 65 and above) comprise the fastest 

growing segment of the global population [1]. Older age is a significant risk factor for cognitive 

decline [2] and the global burden of dementia and cognitive impairment is expected to rise 

exponentially as a result. While cognitive decline is a natural consequence of aging, there is 

considerable variability in cognitive function decline with age [3]. Along with increasing age, 

cognition is also influenced by genetics [4,5], lifestyle factors [6,7] and chronic health conditions 

such as diabetes, hypertension, and kidney disease [8,9].   

 Chronic kidney disease (CKD) is also increasing in prevalence. The global all-age 

prevalence of CKD has increased by almost 30% over the past few decades [10]. Impaired 

kidney function is typically detected by decreased estimated glomerular filtration rate (eGFR) or 

by albuminuria (presence of albumin protein in the urine indicative of glomerular damage). 

There is a growing body of evidence supporting an association between albuminuria and 

decreased cognitive ability [11,12], but the relationship between eGFR and cognition has been 

mixed [13–15]. Of the latter studies, the majority use eGFR based serum creatinine 

concentrations (eGFRcre) which is highly dependent on sex, age, and muscle mass [16]. Cystatin 

C based eGFR (eGFRcys) has received considerably less attention in epidemiological studies, 

likely due to the increased cost relative to that of creatinine. However, being a ubiquitous small 

protein, cystatin C is less influenced by muscle mass and has been shown to be a better predictor 

of end-stage renal disease (ESRD) and cardiovascular events compared to creatinine [17–19]. 

Likewise, some studies suggest eGFRcys may be a relevant prognostic factor for worse cognition 

[20] and incident dementia [21], but studies that consider all three measures of kidney function 
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are still lacking. Moreover, the extent to which these associations are modified by genetic 

predictors of cognitive functions has not been sufficiently studied.  

 Heritability estimates of global cognitive ability range between 20–50% [5]. However, 

common variants identified though genome wide association analysis (GWAS) only account for 

a fraction of this phenotypic variation [22,23]. Some of this missing heritability may be due to 

effects of unmeasured gene-environment interactions. Likewise, individual cognitive differences 

in those with kidney disease may be influenced by the genetic propensity for cognitive 

impairment. We hypothesized that genetics and impaired kidney function may jointly influence 

susceptibility to poor cognitive performance. Here we leveraged UK Biobank data to investigate 

the associations between eGFRcre, eGFRcys and albuminuria with cognitive performance and 

evaluated potential modification by a polygenic score for global cognitive function. 

METHODS 

Study population 

 The UK Biobank (UKBB) is a National Health Service (NHS) funded prospective cohort 

that enrolled 502,617 participants aged 40-73 years from across the United Kingdom between 

2006 and 2010. UKBB was designed and conducted with data sharing in mind, providing 

researchers access to genotypic and phenotypic data [24]. Details of enrollment procedures have 

been previously described [25]. Participants completed a detailed, computerized questionnaire at 

baseline that included a wide range of information pertaining to lifestyle and health 

characteristics. A series of cognitive function tests was administered via touchscreen at this time. 

Biospecimen samples were collected for the full cohort and stored for biochemical tests and 

genotyping. In addition, study data was linked to participants’ national health records for 
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longitudinal follow-up. Ethical approval for UKBB data collection was received from the North-

West Multi-centre Research Ethics Committee and the research was carried out in accordance 

with the Declaration of Helsinki of the World Medical Association. Written informed consent 

was obtained for all participants. This analysis of UKBB data was conducted in compliance with 

the University of California San Diego Institutional Review Board. 

Genotyping 

 The UKBB study was genotyped on the Affymetrix (now part of ThermoFisher 

Scientific) UK BiLEVE Axiom array (n=49,950 participants) or the similar UKBB Axiom array 

(n=438,427). To facilitate use of the UKBB resource by the research community, genotyping, 

quality control (QC) and genotype imputation were performed centrally by the primary UKBB 

investigators [26]. Genotype imputation is a statistical technique that leverages directly 

genotyped variants and a reference panel to infer ungenotyped variants. Prior to imputation, 

genetic data from two arrays were combined and a QC procedure performed. Post quality 

control, genetic data is available for 488,377 subjects on 805,426 genetic markers and 

92,693,895 imputed variants.  We carried out the following additional quality control and 

filtering steps. Individuals with the following characteristics were excluded: extreme 

heterozygosity or missingness (n=968), individuals with sex chromosome aneuploidy (n=651), 

individuals whose reported sex did not match genetically inferred sex (n=186), and individuals 

with high levels of cryptic relatedness (n=73). Principal components were then calculated for the 

remaining 486,387 participants using 1000 Genomes as the reference population [27]. We used 

the “aberrant” clustering package in R [28] with a lambda parameter of 8.2 to determine the 

European ancestry cluster. Subjects with self-report of non-British or non-European ancestry 

included in European ancestry cluster were excluded, resulting in, 454,488 participants with 
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European ancestry. To avoid inflation in test statistics due to inclusion of related individuals, we 

used a custom script that implements a greedy algorithm to determine the unrelated subset. 

Relatedness was first determined by UKBB using identity by State (IBS). The algorithm 

sequentially breaks related pairs to retain only unrelated individuals while preferentially 

maximizing the number of individuals with a user defined characteristic. In this study we chose 

to maximize those with available verbal-numeric reasoning scores. We excluded those with 

approximately second degree or closer relatedness (pi-hat =0.0625, n= 69,378 removed). After 

additionally excluding those who had withdrawn consent at the time of this study, pregnant 

women (n=119), individuals with probable type 1 diabetes (n=1670) and participants missing 

data on kidney function exposures or covariates included in multivariate models there remained 

118,146, 340,887 and 341,208 participants for analyses with verbal-numerical reasoning, 

reaction time, and visual memory scores, respectively.  

Kidney function markers 

 Blood and spot urine samples were collected and analyzed at the initial assessment 

(2006-2010) at a centralized laboratory. Sampling, handling, and quality control of biochemical 

measures have been described in detail previously [29]. Briefly, serum creatinine, urine 

creatinine and urine albumin were measured on a Beckman Coulter AU5800 instrument. An 

enzymatic, IDMS-traceable method was used to measure serum and urine creatinine. Urine 

albumin was quantified using an immune-turbidimetric method (Randox laboratories) with a 

lower limit of detection of 6.7 mg/L. Individuals with urine albumin concentrations below this 

limit were considered normoalbuminuric. Albuminuria was defined as a urine albumin to 

creatinine ratio (ACR) ≥2.5 mg/mmol for men and ACR ≥3.5 mg/mmol for women. Serum 

cystatin C was measured on a Siemens ADVIA 1800 instrument using an Immuno-turbidimetric 
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assay. Estimated GFR was calculated using creatinine (eGFRcre) or cystatin C (eGFRcys) by the 

CKD-EPI equation [30,31]. Individuals with ESRD (n=405) were not excluded from this 

analysis. 

Cognitive function 

 Cognitive function was assessed using a battery of self-administered, computerized tests 

that were specifically designed for the UKBB [32]. The verbal-numeric memory, reaction time 

and visual memory tests were used in this analysis and are described briefly below: 

 Verbal-numeric reasoning: This test, labelled the ‘fluid intelligence’ test, was added part-way 

through the initial assessment period and therefore was administered to a subset (33%) of  those 

who participated in the baseline visit (Field ID 20016). This test included 13 logic/reasoning-

type questions. The score was the number of questions answered correctly within a two-minute 

time limit. The Cronbach alpha coefficient for this test has been reported as 0.62 [33]. 

Reaction time: Similar to the card game “Snap”, participants were shown a series of card pairs 

with symbols on them and were instructed to press a large button as quickly as possible when the 

cards matched (Field ID 20023). The score was the mean time, in milliseconds, to press the 

button across all trials with a matching pair. 

Visual memory: The “pairs-matching” test was used to assess episodic visual memory in the 

UKBB (Field ID 100030). Participants were briefly shown the positions of six card pairs and 

were then asked to match them from memory in as few attempts as possible. The score on this 

test was the number of errors made. Pairs match scores were log(+1) transformed for analyses.  

Covariates 
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 Coronary heart disease (CHD), heart failure, and stroke were determined by self-report 

from a nurse-administered verbal interview or by the presence of relevant inpatient diagnostic or 

procedural codes from the patients electronic health record prior to the time of enrollment (table 

3.S1). Menopausal status, cancer history, hyper- and hypothyroidism were self-reported by 

verbal interview. Type 2 diabetes mellitus (T2DM) was based on a combination of self-report, 

diabetic medication use and lab values. Type 1 and type 2 diabetes were first differentiated 

according to an algorithm developed by Eastwood et al. [34]. Individuals identified by this 

algorithm and those with a random plasma glucose of 11.1mmol/l or higher or an HbA1c of 48 

mmol/mol or higher were considered as having T2DM. ESRD was determined by a predefined 

algorithm [35]. Participants self-reported use of hormone replacement therapy, cholesterol 

lowering drugs or antihypertensive medications. Smoking (never, previous, current) and alcohol 

consumption (never, previous, current) were also determined by self-report. Body mass index 

was measured by trained research staff and calculated as: weight (kg)/(height (m)2). Low density 

lipoprotein cholesterol (LDL-c) was measured using a direct homogeneous Beckman assay. 

Townsend socioeconomic deprivation scores were based on postcode of residence with higher 

scores equating to higher levels of deprivation [36]. We used years of education as a continuous 

variable by mapping each of the educational qualifications reported by UKBB participants to 

categories defined in the 1997 International Standard Classification of Education (ISCED) and 

imputing the number of years of schooling as described by Okbay et al. [37].  

Polygenic score calculation 

 We derived a polygenic score for cognitive function (PRSCOG) based on summary 

statistics from a meta-analysis of GWAS for a general cognitive ability phenotype [5]. 

Independent SNPs (n=79) associated with cognitive ability at the p=1 x 10e-5 in the original 
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meta-analysis were used to construct the PRSCOG. For each participant, PRSCOG was calculated as 

a weighted sum of the number of effect alleles multiplied by the β coefficient associated with 

each individual SNP using a custom script in R. Higher values indicate higher cognitive ability. 

 

Statistical analysis 

 We used multivariate linear regression to assess associations between measures of renal 

function and cognitive test scores. Potential effect modification by the polygenic score, sex and 

age were assessed by adding two-way interaction terms with each of these variables and the 

kidney function exposure (albuminuria, eGFRcr <60, eGFRcys <60) to the model. A three-way 

kidney function exposure by polygenic score by sex interaction was also evaluated. Interactions 

with a likelihood ratio test p-value <0.05 were considered significant. Age and PRSCOG were 

treated as continuous variables in the interaction analysis. However, to illustrate potential effect 

modification, we divided the PRSCOG into low (lowest quintile), medium (quintiles 2-4) and high 

(highest quintile) groups. All models were adjusted for age, sex, education, physical activity, 

hypertension, T2DM status, BMI, antihypertensive and cholesterol lowering medications, the 

Townsend Deprivation Index, smoking, alcohol drinking, country of birth (UK or non-UK). To 

examine the effects of comorbid cardiovascular disease on these associations, we repeated these 

analyses with additional adjustment for coronary artery disease, stroke history and heart failure.  

In models testing for interaction with PRSCOG, we additionally adjusted for the first 10 ancestry 

principal components to account for subtle population structure.  

 As an additional approach to covariate adjustment, we carried out analyses after matching 

on propensity scores for each kidney function exposure. Logistic regression was used to estimate 
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the propensity for each kidney function exposure based on age, sex, education, physical activity, 

hypertension, T2DM status, BMI, antihypertensive and cholesterol lowering medications, the 

Townsend Deprivation Index, smoking, alcohol drinking, and country of birth (UK or non-UK).  

We matched exposed to unexposed individuals at a 1:2 ratio using a greedy nearest neighbor 

method with the MATCHIT package in R [38]. The overall quality of the matched sample was 

assessed by comparing the standardized mean differences of all covariates and by graphically 

inspecting propensity scores between groups.  

Sensitivity analyses  

 We repeated multivariate analyses under the following conditions: 1. restricted to post-

menopausal women adjusting for use of hormone replacement therapy, 2. excluding individuals 

with a history of stroke, 3. excluding individuals with T2DM, 4. adjusted for other measures of 

kidney function (i.e. associations between eGFRcys and cognitive performance were adjusted for 

albuminuria)  5. adjusted for triglycerides and LDL-c, and 6. models with eGFRcys were 

additionally adjusted for self-reported history of cancer, hyperthyroidism or hypothyroidism as 

these conditions can influence cystatin-C concentrations. All analyses were carried out 

using R in Version 3.6.1. 

 

RESULTS 

 Summary characteristics of participants according to sex are displayed in Table 3.1. The 

population was 54% female and the mean age was 56.7 years. According to the criteria described 

in the methods, there were 17,006 (5%) individuals with albuminuria, 7,605 (2.2%) with 

eGFRcre<60ml/min, and 14,986 (4.4%) with eGFRcys<60ml/min. On average, participants had 
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a mean verbal-numeric reasoning score of 6.17 (standard deviation (SD)=2.10), a mean reaction 

time of 555ms (SD=113ms) , and a median of 4.11 (IQR=3.26) incorrect answers on the visual 

memory task. Participant characteristics by each kidney function exposure are shown in 

supplementary Tables 3.S2-3.S4. The proportion of individuals with eGFRcre<60, eGFRcys<60 

and albuminuria according to the age tertile of the full study population is shown in Figure 3.S1.  

Albuminuria and cognitive function  

 Beta estimates and 95% confidence intervals for the association between kidney function 

biomarkers and cognitive test performance among all available subjects and propensity score 

matched subsets are reported in Figure 3.1. In multivariate analyses using all available data, 

albuminuria was significantly associated with lower verbal reasoning scores (β= -0.09, 95% CI: -

0.14 to -0.04), slower reaction time (β= 7.06, 95% CI: 5.42 to 8.69) and more visual memory 

errors (β= 0.013, 95% CI: 0.003 to 0.023). Regression analysis in matched subsets revealed 

similar results, though the magnitude of the association between albuminuria and visual memory 

was slightly larger (β= 0.018, 95% CI: 0.006 to 0.029). Results of multivariate analysis in all 

available subjects overall and stratified by sex are shown in supplementary Table 3.S5. We 

found no significant interactions with sex or age. Beta estimates for verbal-numeric reasoning 

and visual memory were essentially unchanged after adjustment for cardiovascular disease 

factors (Table 3.S6). However, the association between albuminuria and reaction time was 

slightly attenuated (β= 5.54, 95% CI: 3.03 to 8.05).  

eGFRcre and cognitive function 

 In the multivariate analyses using all available subjects, we found significant associations 

between eGFRcre category and both verbal-numeric reasoning and reaction time scores (Figure 

3.1, Table 3.S5). However, there was no significant difference in verbal-numeric reasoning score 
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according to eGFRcre category in matched analysis. We detected a significant sex interaction 

whereby eGFRcre was associated with verbal-numeric memory in men (β(95%CI)= -0.18(-0.29 

to -0.07)) but not in women (β(95%CI)= -0.05 (-0.15 to 0.05), p for interaction=0.01). 

Associations were slightly attenuated but remained significant after adjustment for 

cardiovascular disease factors (Table 3.S6). There was no significant association between 

eGFRcre<60 and visual memory score. Associations were not modified by age. 

eGFRcys and cognitive function 

 Participants with eGFRcys<60 performed significantly worse on verbal-numeric 

reasoning and reaction time tests in analyses including all available subjects (β(95%CI)= -0.21(-

0.27 to -0.16) and 11.21 (9.44 to 12.99), respectively, Figure 3.1; Table 3.S5). Matched 

analyses revealed similar results. There was a significant interaction between eGFRcys category 

and age for reaction time (p for interaction = 0.004). To illustrate this interaction, participants 

were categorized as younger than the median age of 58 years or as 58 years or older. As shown 

in Figure 3.S2, reaction time was significantly slower with eGFRcys <60 in both older and 

younger age groups, however the association was strongest in younger individuals (β(95%CI)= -

8.01(-12.7 to -3.35) for those < 58 years vs ≥58years). The association between eGFRcys<60 

and verbal-numeric memory was slightly stronger in men  (β(95%CI)= -0.25(-0.33 to -0.16) in 

men vs β(95%CI)= -0.18 (-0.25 to 0.11) in women, p for interaction=0.09). 

Kidney function by PRSCOG interaction 

 PRSCOG was significantly associated with verbal-numeric reasoning (β (95%CI) for 

highest vs lowest quintile of PRSCOG=0.18(1.14 to 0.21), p-value <0.001), reaction time 

(β(95%CI)= -2.17(-3.22 to -1.02), p-value<0.001) and visual memory (β(95%CI)=-0.007 (-0.013 
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to -0.001), p-value=0.02). Significant interaction effects were observed between albuminuria and 

PRSCOG for reaction time (p-value<0.001). Associations between albuminuria and reaction time 

were stronger among individuals with a lower polygenic risk score for cognitive function 

(Figure 3.2). This association was not modified by sex or age. We did not detect any 

modification by PRSCOG for other associations between kidney function exposures and cognitive 

test performance. Findings were not modified by age or sex. 

Sensitivity analysis 

  After excluding individuals with diabetes or past stroke, effect estimates for associations 

between all kidney function measures and reaction time were slightly attenuated but remained 

significant (Tables 3.S7 and 3.S8). In contrast, the association between albuminuria and visual 

memory were attenuated to the null. Results were consistent after adjustment for orthogonal 

measures of kidney function, LDL-c and triglycerides. Regression estimates for associations in 

women were similar with and without restriction to postmenopausal status and after adjustment 

for hormone replacement therapy. Associations between eGFRcys and cognitive ability were 

essentially unchanged after adjustment for self-reported history of cancer, hyperthyroidism or 

hypothyroidism.  

 

DISCUSSION 

 In this study including between 118,146 and 341,208 participants of the UKBB, markers 

of poor kidney function were associated with worse performance across multiple domains of 

cognitive function. Individuals with albuminuria scored worse on all tested measures cognitive 

function including verbal-numeric reasoning, reaction time and visual memory. We observed a 

potential PRS by environment interaction where participants with both albuminuria and a low 

polygenic score for cognitive function had the slowest reaction times. Performance on the 
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reaction time test was worse in male participants with eGFRcre<60, as was performance on the 

verbal-numeric reasoning test. eGFRcys was more strongly associated with cognitive ability than 

eGFRcre based on serum creatinine. 

 Our finding that albuminuria is associated with reduced cognitive performance is in 

agreement with prior studies [11,12,39,40]. While the mechanism of this association is unclear, it 

may be related to increased vascular burden affecting both the kidney and the brain. Albuminuria 

is an early marker of generalized microvascular dysfunction [41] and has a linear relationship 

with cardiovascular disease risk [42]. In addition, albuminuria is associated with vascular 

dementia [43], stroke and subclinical cerebrovascular disease including white matter 

hyperintensities, microbleeds and enlarged perivascular spaces [43,44]. We observed persistent 

significant associations between albuminuria and cognitive function after adjustment for 

cardiovascular disease, suggesting that pathological mechanisms may be independent of overt 

cardiovascular disease. While these results support the hypothesis that this association is the 

result of concurrent microvascular pathology in the kidney and the brain, further research is 

needed to clarify the relationship between the kidney damage marked by albuminuria and risk of 

cognitive decline. 

 Chronic kidney disease defined by creatinine-based eGFR has been linked with decreased 

cognitive ability, but the association has not been consistent [39,45–48]. In this study, we found 

significant differences between eGFRcre category and cognitive performance. However, prior 

studies with smaller sample sizes may have had limited power to detect statistically significant 

associations despite comparable effect estimates. The reason for the observed sex difference with 

regards to eGFRcre and verbal-numeric reasoning is unclear. In cross-sectional analysis, 

Cornelis et al. found greater age-related decreases in verbal numerical reasoning scores in men 
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compared to women after covariate adjustment and attributed this to cohort effects [49]. This 

may obscure an association in older women who would be more likely to have lower eGFRcre 

but may have smaller age-related decreases in cognitive function compared to men in the same 

age group.  

 Cystatin C has received considerably less attention than creatinine in regard to cognitive 

health [13]. This study supports past research which suggests that serum cystatin C and eGFRcys 

may be more strongly associated with cognitive performance compared to creatinine-based 

measurements [20,50]. Cystatin C-based GFR has also been shown to be a stronger predictor of 

cardiovascular disease outcomes [17,18,51] which may mediate this association. Associations 

were essentially unchanged after controlling for existing cardiovascular disease in this study. 

This does not preclude a potential role of subclinical cardiovascular disease. On the other hand, 

reduced kidney function may also have direct neurodegenerative effects through inflammatory 

processes and accumulation of uremic toxins [52,53]. This may be particularly relevant here as 

cystatin C has been related to systemic inflammation [54].  

 Interestingly, associations between eGFRcys category and reaction time were somewhat 

attenuated in older individulas. Similar age effects have been seen in observational studies 

examining associations between eGFRcre and mortality and ESRD [55,56]. In older participants, 

the moderate-to-mild declines in kidney function observed here may have a proportionately 

smaller influence on cognitive function relative to other age-related comorbidities. It should also 

be noted that this observation may in part be due to a selection bias in which healthier older 

adults chose to participate in the UKBB study. 

 To our knowledge, there has only been one previous study that explored gene by 

environment interaction in the context of kidney function and cognitive performance [57]. Shin 
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et al. found significant interaction between microalbuminuria and the APOE e4 allele in a 

Korean population, where albuminuria was more strongly associated with poor cognitive 

performance in APOE e4 carriers vs. noncarriers. Although polymorphisms in the APOE gene 

are included in the polygenic risk score used here, we did not directly assess interaction with 

APOE e4. Taken together, the current study and that of Shin et al. suggest that a genetic 

susceptibility to poor cognitive performance and the presence of albuminuria may have 

synergistic adverse effects on brain function. Whether the current association is mediated by 

gene variants that further exacerbate the risk of microvascular dysfunction related to albuminuria 

is topic for further study. Albuminuria has both genetic and environmental components [58]. The 

environmental component can be targeted for intervention to reduce cognitive risk. Similarly, 

stratification based on polygenic scores may allow clinicians to better target individuals for more 

aggressive treatment and intervention strategies. 

 Due to the unique nature of the UK Biobank cognitive tests, the clinical significance of 

our findings is not clear. Based on cross-sectional age coefficients, differences in reaction time 

with eGFRcre<60,  eGFRcys<60 and albuminuria are comparable to an additional 1.5, 2.7, and 

1.7 years of age, respectively. A similar comparison would not be appropriate to interpret the 

verbal-numerical reasoning scores due to cohort effects, however differences in verbal-numeric 

reasoning with eGFRcre<60,  eGFRcys<60 and albuminuria are comparable to 0.8, 1.6, and 0.9  

fewer years of education, respectively.  

 There are several strengths to our study. The large size of the study population allowed us 

to examine gene by environment interaction which typically requires considerable sample size. 

We leveraged an alternate control selection approach to account for potential unmeasured 

confounding through propensity-score matching without extensive loss of information due to 
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inadequate matching which may occur in smaller samples. In addition, the extensive biochemical 

data allowed comparison of multiple measures of kidney function within one cohort. 

 Some limitations of our study should also be noted. Our analysis was restricted to 

participants of European ancestry which may limit generalizability to other ethnic groups. 

Additionally, given the voluntary nature of UKBB recruitment, the participants were generally 

healthier with higher socioeconomic levels than the general population [59]. It follows that the 

prevalence of CKD may also be comparatively lower in the UKBB Biobank population. 

However, the large overall sample size allowed for identification of an adequate number of 

individuals with kidney disease to characterize associations that may be applicable to broader 

populations. The cognitive tests in the UKBB were developed to be administered on a large scale 

and without supervision and may therefore not be sensitive to cognitive differences.  However, 

the tests used here have been shown to have substantial correlation with previously validated 

tests in an independent sample of individuals [60]. Finally, this was a cross-sectional study 

limiting our ability to draw causal inferences. Longitudinal follow-up is required to better 

elucidate the temporal associations between kidney function, potential mediators such as 

cardiovascular disease and subsequent cognitive impairment. 

CONCLUSION 

 In summary, this study confirms prior associations between reduced kidney function and 

reduced cognitive ability. We also show that the association between albuminuria and reaction 

time may be modified by genetic risk, but results need to be replicated in independent cohorts. 

Cognitive performance was inversely associated with eGFR, and associations appeared stronger 

when GFR was estimated based on cystatin C rather than creatinine. 



 

77 

References 

1.  Nations U. Shifting Demographics [Internet]. United Nations. United Nations; [cited 2020 
Jun 29]. Available from: https://www.un.org/en/un75/shifting-demographics 

2.  World Health Organization and Alzheimer’s Disease International. Dementia: A Public 
Health Priority. Geneva: World Health Organization; 2012. 
http://www.who.int/mental_health/publications/dementia_report_2012/en/.  

3.  Burke SN, Mormino EC, Rogalski EJ, Kawas CH, Willis RJ, Park DC. What are the later 
life contributions to reserve, resilience, and compensation? Neurobiol Aging. 2019 Nov 
1;83:140–4.  

4.  Davies G, Lam M, Harris SE, Trampush JW, Luciano M, Hill WD, Hagenaars SP, Ritchie 
SJ, Marioni RE, Fawns-Ritchie C, Liewald DCM, Okely JA, Ahola-Olli AV, Barnes CLK, 
Bertram L, Bis JC, Burdick KE, Christoforou A, DeRosse P, Djurovic S, Espeseth T, 
Giakoumaki S, Giddaluru S, Gustavson DE, Hayward C, Hofer E, Ikram MA, Karlsson R, 
Knowles E, Lahti J, Leber M, Li S, Mather KA, Melle I, Morris D, Oldmeadow C, 
Palviainen T, Payton A, Pazoki R, Petrovic K, Reynolds CA, Sargurupremraj M, Scholz M, 
Smith JA, Smith AV, Terzikhan N, Thalamuthu A, Trompet S, van der Lee SJ, Ware EB, 
Windham BG, Wright MJ, Yang J, Yu J, Ames D, Amin N, Amouyel P, Andreassen OA, 
Armstrong NJ, Assareh AA, Attia JR, Attix D, Avramopoulos D, Bennett DA, Böhmer AC, 
Boyle PA, Brodaty H, Campbell H, Cannon TD, Cirulli ET, Congdon E, Conley ED, 
Corley J, Cox SR, Dale AM, Dehghan A, Dick D, Dickinson D, Eriksson JG, Evangelou E, 
Faul JD, Ford I, Freimer NA, Gao H, Giegling I, Gillespie NA, Gordon SD, Gottesman RF, 
Griswold ME, Gudnason V, Harris TB, Hartmann AM, Hatzimanolis A, Heiss G, Holliday 
EG, Joshi PK, Kähönen M, Kardia SLR, Karlsson I, Kleineidam L, Knopman DS, Kochan 
NA, Konte B, Kwok JB, Le Hellard S, Lee T, Lehtimäki T, Li S-C, Lill CM, Liu T, Koini 
M, London E, Longstreth WT, Lopez OL, Loukola A, Luck T, Lundervold AJ, Lundquist 
A, Lyytikäinen L-P, Martin NG, Montgomery GW, Murray AD, Need AC, Noordam R, 
Nyberg L, Ollier W, Papenberg G, Pattie A, Polasek O, Poldrack RA, Psaty BM, 
Reppermund S, Riedel-Heller SG, Rose RJ, Rotter JI, Roussos P, Rovio SP, Saba Y, Sabb 
FW, Sachdev PS, Satizabal CL, Schmid M, Scott RJ, Scult MA, Simino J, Slagboom PE, 
Smyrnis N, Soumaré A, Stefanis NC, Stott DJ, Straub RE, Sundet K, Taylor AM, Taylor 
KD, Tzoulaki I, Tzourio C, Uitterlinden A, Vitart V, Voineskos AN, Kaprio J, Wagner M, 
Wagner H, Weinhold L, Wen KH, Widen E, Yang Q, Zhao W, Adams HHH, Arking DE, 
Bilder RM, Bitsios P, Boerwinkle E, Chiba-Falek O, Corvin A, De Jager PL, Debette S, 
Donohoe G, Elliott P, Fitzpatrick AL, Gill M, Glahn DC, Hägg S, Hansell NK, Hariri AR, 
Ikram MK, Jukema JW, Vuoksimaa E, Keller MC, Kremen WS, Launer L, Lindenberger U, 
Palotie A, Pedersen NL, Pendleton N, Porteous DJ, Räikkönen K, Raitakari OT, Ramirez 
A, Reinvang I, Rudan I, Dan Rujescu, Schmidt R, Schmidt H, Schofield PW, Schofield PR, 
Starr JM, Steen VM, Trollor JN, Turner ST, Van Duijn CM, Villringer A, Weinberger DR, 
Weir DR, Wilson JF, Malhotra A, McIntosh AM, Gale CR, Seshadri S, Mosley TH, 
Bressler J, Lencz T, Deary IJ. Study of 300,486 individuals identifies 148 independent 
genetic loci influencing general cognitive function. Nat Commun. 2018 May 29;9(1):2098.  



 

78 

5.  Davies G, Armstrong N, Bis JC, Bressler J, Chouraki V, Giddaluru S, Hofer E, Ibrahim-
Verbaas CA, Kirin M, Lahti J, van der Lee SJ, Le Hellard S, Liu T, Marioni RE, 
Oldmeadow C, Postmus I, Smith AV, Smith JA, Thalamuthu A, Thomson R, Vitart V, 
Wang J, Yu L, Zgaga L, Zhao W, Boxall R, Harris SE, Hill WD, Liewald DC, Luciano M, 
Adams H, Ames D, Amin N, Amouyel P, Assareh AA, Au R, Becker JT, Beiser A, Berr C, 
Bertram L, Boerwinkle E, Buckley BM, Campbell H, Corley J, De Jager PL, Dufouil C, 
Eriksson JG, Espeseth T, Faul JD, Ford I, Scotland G, Gottesman RF, Griswold ME, 
Gudnason V, Harris TB, Heiss G, Hofman A, Holliday EG, Huffman J, Kardia SLR, 
Kochan N, Knopman DS, Kwok JB, Lambert J-C, Lee T, Li G, Li S-C, Loitfelder M, Lopez 
OL, Lundervold AJ, Lundqvist A, Mather KA, Mirza SS, Nyberg L, Oostra BA, Palotie A, 
Papenberg G, Pattie A, Petrovic K, Polasek O, Psaty BM, Redmond P, Reppermund S, 
Rotter JI, Schmidt H, Schuur M, Schofield PW, Scott RJ, Steen VM, Stott DJ, van Swieten 
JC, Taylor KD, Trollor J, Trompet S, Uitterlinden AG, Weinstein G, Widen E, Windham 
BG, Jukema JW, Wright AF, Wright MJ, Yang Q, Amieva H, Attia JR, Bennett DA, 
Brodaty H, de Craen AJM, Hayward C, Ikram MA, Lindenberger U, Nilsson L-G, Porteous 
DJ, Räikkönen K, Reinvang I, Rudan I, Sachdev PS, Schmidt R, Schofield PR, Srikanth V, 
Starr JM, Turner ST, Weir DR, Wilson JF, van Duijn C, Launer L, Fitzpatrick AL, Seshadri 
S, Mosley TH, Deary IJ. Genetic contributions to variation in general cognitive function: a 
meta-analysis of genome-wide association studies in the CHARGE consortium ( N =53 
949). Mol Psychiatry. 2015 Feb;20(2):183–92.  

6.  Reas ET, Laughlin GA, Bergstrom J, Kritz-Silverstein D, Richard EL, Barrett-Connor E, 
McEvoy LK. Lifetime physical activity and late-life cognitive function: the Rancho 
Bernardo study. Age Ageing. 2019 01;48(2):241–6.  

7.  Lee Y, Back JH, Kim J, Kim S-H, Na DL, Cheong H-K, Hong CH, Kim YG. Systematic 
review of health behavioral risks and cognitive health in older adults. Int Psychogeriatr 
IPA. 2010 Mar;22(2):174–87.  

8.  Riching AS, Major JL, Londono P, Bagchi RA. The Brain-Heart Axis: Alzheimer’s, 
Diabetes, and Hypertension. ACS Pharmacol Transl Sci. 2020 Feb 14;3(1):21–8.  

9.  Zammit AR, Katz MJ, Lai JY, Zimmerman ME, Bitzer M, Lipton RB. Association between 
Renal Function and Cognitive Ability Domains in the Einstein Aging Study: A Cross-
Sectional Analysis. J Gerontol - Ser Biol Sci Med Sci. 2015;70(6):764–70.  

10.  Bikbov B, Purcell CA, Levey AS, Smith M, Abdoli A, Abebe M, Adebayo OM, Afarideh 
M, Agarwal SK, Agudelo-Botero M, Ahmadian E, Al-Aly Z, Alipour V, Almasi-Hashiani 
A, Al-Raddadi RM, Alvis-Guzman N, Amini S, Andrei T, Andrei CL, Andualem Z, 
Anjomshoa M, Arabloo J, Ashagre AF, Asmelash D, Ataro Z, Atout MMW, Ayanore MA, 
Badawi A, Bakhtiari A, Ballew SH, Balouchi A, Banach M, Barquera S, Basu S, Bayih 
MT, Bedi N, Bello AK, Bensenor IM, Bijani A, Boloor A, Borzì AM, Cámera LA, Carrero 
JJ, Carvalho F, Castro F, Catalá-López F, Chang AR, Chin KL, Chung S-C, Cirillo M, 
Cousin E, Dandona L, Dandona R, Daryani A, Gupta RD, Demeke FM, Demoz GT, Desta 
DM, Do HP, Duncan BB, Eftekhari A, Esteghamati A, Fatima SS, Fernandes JC, Fernandes 
E, Fischer F, Freitas M, Gad MM, Gebremeskel GG, Gebresillassie BM, Geta B, 
Ghafourifard M, Ghajar A, Ghith N, Gill PS, Ginawi IA, Gupta R, Hafezi-Nejad N, Haj-



 

79 

Mirzaian A, Haj-Mirzaian A, Hariyani N, Hasan M, Hasankhani M, Hasanzadeh A, Hassen 
HY, Hay SI, Heidari B, Herteliu C, Hoang CL, Hosseini M, Hostiuc M, Irvani SSN, Islam 
SMS, Balalami NJ, James SL, Jassal SK, Jha V, Jonas JB, Joukar F, Jozwiak JJ, Kabir A, 
Kahsay A, Kasaeian A, Kassa TD, Kassaye HG, Khader YS, Khalilov R, Khan EA, Khan 
MS, Khang Y-H, Kisa A, Kovesdy CP, Defo BK, Kumar GA, Larsson AO, Lim L-L, 
Lopez AD, Lotufo PA, Majeed A, Malekzadeh R, März W, Masaka A, Meheretu HAA, 
Miazgowski T, Mirica A, Mirrakhimov EM, Mithra P, Moazen B, Mohammad DK, 
Mohammadpourhodki R, Mohammed S, Mokdad AH, Morales L, Velasquez IM, Mousavi 
SM, Mukhopadhyay S, Nachega JB, Nadkarni GN, Nansseu JR, Natarajan G, Nazari J, 
Neal B, Negoi RI, Nguyen CT, Nikbakhsh R, Noubiap JJ, Nowak C, Olagunju AT, Ortiz A, 
Owolabi MO, Palladino R, Pathak M, Poustchi H, Prakash S, Prasad N, Rafiei A, Raju SB, 
Ramezanzadeh K, Rawaf S, Rawaf DL, Rawal L, Reiner RC, Rezapour A, Ribeiro DC, 
Roever L, Rothenbacher D, Rwegerera GM, Saadatagah S, Safari S, Sahle BW, Salem H, 
Sanabria J, Santos IS, Sarveazad A, Sawhney M, Schaeffner E, Schmidt MI, Schutte AE, 
Sepanlou SG, Shaikh MA, Sharafi Z, Sharif M, Sharifi A, Silva DAS, Singh JA, Singh NP, 
Sisay MMM, Soheili A, Sutradhar I, Teklehaimanot BF, Tesfay B etsay, Teshome GF, 
Thakur JS, Tonelli M, Tran KB, Tran BX, Ngoc CT, Ullah I, Valdez PR, Varughese S, Vos 
T, Vu LG, Waheed Y, Werdecker A, Wolde HF, Wondmieneh AB, Hanson SW, Yamada 
T, Yeshaw Y, Yonemoto N, Yusefzadeh H, Zaidi Z, Zaki L, Zaman SB, Zamora N, Zarghi 
A, Zewdie KA, Ärnlöv J, Coresh J, Perico N, Remuzzi G, Murray CJL, Vos T. Global, 
regional, and national burden of chronic kidney disease, 1990–2017: a systematic analysis 
for the Global Burden of Disease Study 2017. The Lancet. 2020 Feb 29;395(10225):709–
33.  

11.  Jassal S, Chonchol M, Laughlin GA, Cummins KM, Smits G, Kramer CK, Ix JH, Barrett-
Connor E. Kidney function and progression of coronary artery calcium in community-
dwelling older adults (from the Rancho Bernardo Study). Am J Cardiol. 
2012;110(10):1425–33.  

12.  Georgakis MK, Dimitriou NG, Karalexi MA, Mihas C, Nasothimiou EG, Tousoulis D, 
Tsivgoulis G, Petridou ET. Albuminuria in Association with Cognitive Function and 
Dementia: A Systematic Review and Meta-Analysis. J Am Geriatr Soc. 2017;65(6):1190–8.  

13.  Deckers K, Camerino I, van Boxtel MPJ, Verhey FRJ, Irving K, Brayne C, Kivipelto M, 
Starr JM, Yaffe K, de Leeuw PW, Köhler S. Dementia risk in renal dysfunction. Neurology. 
2017 Jan 10;88(2):198–208.  

14.  Kurella M, Yaffe K, Shlipak MG, Wenger NK, Chertow GM. Chronic kidney disease and 
cognitive impairment in menopausal women. Am J Kidney Dis. 2005;45(1):66–76.  

15.  Tamura MK, Muntner P, Wadley V, Cushman M, Zakai NA, Bradbury BD, Kissela B, 
Unverzagt F, Howard G, Warnock D, McClellan W. Albuminuria, kidney function, and the 
incidence of cognitive impairment among adults in the United States. Am J Kidney Dis. 
2011;58(5):756–63.  

16.  Wasung ME, Chawla LS, Madero M. Biomarkers of renal function, which and when? Clin 
Chim Acta. 2015;438(1):350–7.  



 

80 

17.  Peralta CA, Katz R, Sarnak MJ, Ix J, Fried LF, De Boer I, Palmas W, Siscovick D, Levey 
AS, Shlipak MG. Cystatin C identifies chronic kidney disease patients at higher risk for 
complications. J Am Soc Nephrol JASN. 2011 Jan;22(1):147–55.  

18.  Lees JS, Welsh CE, Celis-Morales CA, Mackay D, Lewsey J, Gray SR, Lyall DM, Cleland 
JG, Gill JMR, Jhund PS, Pell J, Sattar N, Welsh P, Mark PB. Glomerular filtration rate by 
differing measures, albuminuria and prediction of cardiovascular disease, mortality and 
end-stage kidney disease. Nat Med. 2019 Nov;25(11):1753–60.  

19.  Shlipak MG, Matsushita K, Ärnlöv J, Inker LA, Katz R, Polkinghorne KR, Rothenbacher 
D, Sarnak MJ, Astor BC, Coresh J, Levey AS, Gansevoort RT. Cystatin C versus 
Creatinine in Determining Risk Based on Kidney Function. N Engl J Med. 2013 Sep 
5;369(10):932–43.  

20.  Wei Y, Wei YK, Zhu J. Early markers of kidney dysfunction and cognitive impairment 
among older adults. J Neurol Sci. 2017;375:209–14.  

21.  Lau WL, Fisher M, Greenia D, Floriolli D, Fletcher E, Singh B, Sajjadi SA, Corrada MM, 
Whittle C, Kawas C, Paganini-Hill A. Cystatin C, cognition, and brain MRI findings in 
90+-year-olds. Neurobiol Aging. 2020 Sep 1;93:78–84.  

22.  Reynolds CA, Finkel D. A meta-analysis of heritability of cognitive aging: minding the 
“missing heritability” gap. Neuropsychol Rev. 2015;25(1):97–112.  

23.  Ridge PG, Mukherjee S, Crane PK, Kauwe JSK. Alzheimer’s disease: Analyzing the 
missing heritability. PLoS ONE. 2013;8(11):1–10.  

24.  Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P, Elliott P, Green J, 
Landray M, Liu B, Matthews P, Ong G, Pell J, Silman A, Young A, Sprosen T, Peakman T, 
Collins R. UK Biobank: An Open Access Resource for Identifying the Causes of a Wide 
Range of Complex Diseases of Middle and Old Age. PLOS Med. 2015 
Mar;12(3):e1001779–e1001779.  

25.  Collins R. UK Biobank Protocol: https://www.ukbiobank.ac.uk/wp-
content/uploads/2011/11/UK-Biobank-Protocol.pdf. :112.  

26.  Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A, Vukcevic D, 
Delaneau O, O’Connell J, Cortes A, Welsh S, McVean G, Leslie S, Donnelly P, Marchini J. 
Genome-wide genetic data on ~500,000 UK Biobank participants. bioRxiv. 2017 
Jul;166298–166298.  

27.  Auton A, Abecasis GR, Altshuler DM, Durbin RM, Abecasis GR, Bentley DR, Chakravarti 
A, Clark AG, Donnelly P, Eichler EE, Flicek P, Gabriel SB, Gibbs RA, Green ED, Hurles 
ME, Knoppers BM, Korbel JO, Lander ES, Lee C, Lehrach H, Mardis ER, Marth GT, 
McVean GA, Nickerson DA, Schmidt JP, Sherry ST, Wang J, Wilson RK, Gibbs RA, 
Boerwinkle E, Doddapaneni H, Han Y, Korchina V, Kovar C, Lee S, Muzny D, Reid JG, 
Zhu Y, Wang J, Chang Y, Feng Q, Fang X, Guo X, Jian M, Jiang H, Jin X, Lan T, Li G, Li 
J, Li Y, Liu S, Liu X, Lu Y, Ma X, Tang M, Wang B, Wang G, Wu H, Wu R, Xu X, Yin Y, 



 

81 

Zhang D, Zhang W, Zhao J, Zhao M, Zheng X, Lander ES, Altshuler DM, Gabriel SB, 
Gupta N, Gharani N, Toji LH, Gerry NP, Resch AM, Flicek P, Barker J, Clarke L, Gil L, 
Hunt SE, Kelman G, Kulesha E, Leinonen R, McLaren WM, Radhakrishnan R, Roa A, 
Smirnov D, Smith RE, Streeter I, Thormann A, Toneva I, Vaughan B, Zheng-Bradley X, 
Bentley DR, Grocock R, Humphray S, James T, Kingsbury Z, Lehrach H, Sudbrak R, 
Albrecht MW, Amstislavskiy VS, Borodina TA, Lienhard M, Mertes F, Sultan M, 
Timmermann B, Yaspo M-L, Mardis ER, Wilson RK, Fulton L, Fulton R, Sherry ST, 
Ananiev V, Belaia Z, Beloslyudtsev D, Bouk N, Chen C, Church D, Cohen R, Cook C, 
Garner J, Hefferon T, Kimelman M, Liu C, Lopez J, Meric P, O’Sullivan C, Ostapchuk Y, 
Phan L, Ponomarov S, Schneider V, Shekhtman E, Sirotkin K, Slotta D, Zhang H, McVean 
GA, Durbin RM, Balasubramaniam S, Burton J, Danecek P, Keane TM, Kolb-Kokocinski 
A, McCarthy S, Stalker J, Quail M, Schmidt JP, Davies CJ, Gollub J, Webster T, Wong B, 
Zhan Y, Auton A, Campbell CL, Kong Y, Marcketta A, Gibbs RA, Yu F, Antunes L, 
Bainbridge M, Muzny D, Sabo A, Huang Z, Wang J, Coin LJM, Fang L, Guo X, Jin X, Li 
G, Li Q, Li Y, Li Z, Lin H, Liu B, Luo R, Shao H, Xie Y, Ye C, Yu C, Zhang F, Zheng H, 
Zhu H, Alkan C, Dal E, Kahveci F, Marth GT, Garrison EP, Kural D, Lee W-P, Fung 
Leong W, Stromberg M, Ward AN, Wu J, Zhang M, Daly MJ, DePristo MA, Handsaker 
RE, Altshuler DM, Banks E, Bhatia G, del Angel G, Gabriel SB, Genovese G, Gupta N, Li 
H, Kashin S, Lander ES, McCarroll SA, Nemesh JC, Poplin RE, Yoon SC, Lihm J, 
Makarov V, Clark AG, Gottipati S, Keinan A, Rodriguez-Flores JL, Korbel JO, Rausch T, 
Fritz MH, Stütz AM, Flicek P, Beal K, Clarke L, Datta A, Herrero J, McLaren WM, Ritchie 
GRS, Smith RE, Zerbino D, Zheng-Bradley X, Sabeti PC, Shlyakhter I, Schaffner SF, Vitti 
J, Cooper DN, Ball EV, Stenson PD, Bentley DR, Barnes B, Bauer M, Keira Cheetham R, 
Cox A, Eberle M, Humphray S, Kahn S, Murray L, Peden J, Shaw R, Kenny EE, Batzer 
MA, Konkel MK, Walker JA, MacArthur DG, Lek M, Sudbrak R, Amstislavskiy VS, 
Herwig R, Mardis ER, Ding L, Koboldt DC, Larson D, Ye K, Gravel S, The 1000 Genomes 
Project Consortium, Corresponding authors, Steering committee, Production group, Baylor 
College of Medicine, BGI-Shenzhen, Broad Institute of MIT and Harvard, Coriell Institute 
for Medical Research, European Molecular Biology Laboratory EBI, Illumina, Max Planck 
Institute for Molecular Genetics, McDonnell Genome Institute at Washington University, 
US National Institutes of Health, University of Oxford, Wellcome Trust Sanger Institute, 
Analysis group, Affymetrix, Albert Einstein College of Medicine, Bilkent University, 
Boston College, Cold Spring Harbor Laboratory, Cornell University, European Molecular 
Biology Laboratory, Harvard University, Human Gene Mutation Database, Icahn School of 
Medicine at Mount Sinai, Louisiana State University, Massachusetts General Hospital, 
McGill University, National Eye Institute N. A global reference for human genetic 
variation. Nature. 2015 Oct;526(7571):68–74.  

28.  Abberant package R [Internet]. [cited 2020 Jul 24]. Available from: 
https://www.well.ox.ac.uk/~spencer/Aberrant/aberrant-manual.pdf 

29.  Elliott P, Peakman TC, UK Biobank. The UK Biobank sample handling and storage 
protocol for the collection, processing and archiving of human blood and urine. Int J 
Epidemiol. 2008 Apr;37(2):234–44.  



 

82 

30.  Levey AS, Stevens LA, Schmid CH, Zhang Y (Lucy), Castro AF, Feldman HI, Kusek JW, 
Eggers P, Van Lente F, Greene T, Coresh J. A New Equation to Estimate Glomerular 
Filtration Rate. Ann Intern Med. 2009 May;150(9):604–604.  

31.  Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, Kusek JW, 
Manzi J, Van Lente F, Zhang YL, Coresh J, Levey AS. Estimating Glomerular Filtration 
Rate from Serum Creatinine and Cystatin C. N Engl J Med. 2012 Jul 5;367(1):20–9.  

32.  Cullen B, Nicholl BI, Mackay DF, Martin D, Ul-Haq Z, McIntosh A, Gallacher J, Deary IJ, 
Pell JP, Evans JJ, Smith DJ. Cognitive function and lifetime features of depression and 
bipolar disorder in a large population sample: Cross-sectional study of 143,828 UK 
Biobank participants. Eur Psychiatry. 2015 Nov;30(8):950–8.  

33.  Hagenaars SP, Harris SE, Davies G, Hill WD, Liewald DCM, Ritchie SJ, Marioni RE, 
Fawns-Ritchie C, Cullen B, Malik R, Worrall BB, Sudlow CLM, Wardlaw JM, Gallacher J, 
Pell J, McIntosh AM, Smith DJ, Gale CR, Deary IJ. Shared genetic aetiology between 
cognitive functions and physical and mental health in UK Biobank ( N =112 151) and 24 
GWAS consortia. Mol Psychiatry. 2016 Nov;21(11):1624–32.  

34.  Eastwood SV, Mathur R, Atkinson M, Brophy S, Sudlow C, Flaig R, Lusignan S de, Allen 
N, Chaturvedi N. Algorithms for the Capture and Adjudication of Prevalent and Incident 
Diabetes in UK Biobank. PLOS ONE. 2016 Sep 15;11(9):e0162388.  

35.  ESRD outcome algorithm [Internet]. [cited 2020 Jun 13]. Available from: 
http://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/alg_outcome_esrd.pdf 

36.  Mackenbach JP. Health and deprivation. Inequality and the North: by P. Townsend, P. 
Phillimore and A. Beattie (eds.) Croom Helm Ltd, London, 1987 221 pp., ISBN 0-7099-
4352-0, [pound sign]8.95. Vol. 10. Elsevier; 1988.  

37.  Okbay A, Beauchamp JP, Fontana MA, Lee JJ, Pers TH, Rietveld CA, Turley P, Chen G-B, 
Emilsson V, Meddens SFW, Oskarsson S, Pickrell JK, Thom K, Timshel P, de Vlaming R, 
Abdellaoui A, Ahluwalia TS, Bacelis J, Baumbach C, Bjornsdottir G, Brandsma JH, 
Concas MP, Derringer J, Furlotte NA, Galesloot TE, Girotto G, Gupta R, Hall LM, Harris 
SE, Hofer E, Horikoshi M, Huffman JE, Kaasik K, Kalafati IP, Karlsson R, Kong A, Lahti 
J, van der Lee SJ, de Leeuw C, Lind PA, Lindgren K-O, Liu T, Mangino M, Marten J, 
Mihailov E, Miller MB, van der Most PJ, Oldmeadow C, Payton A, Pervjakova N, Peyrot 
WJ, Qian Y, Raitakari O, Rueedi R, Salvi E, Schmidt B, Schraut KE, Shi J, Smith AV, Poot 
RA, Pourcain B, Teumer A, Thorleifsson G, Verweij N, Vuckovic D, Wellmann J, Westra 
H-J, Yang J, Zhao W, Zhu Z, Alizadeh BZ, Amin N, Bakshi A, Baumeister SE, Biino G, 
Bønnelykke K, Boyle PA, Campbell H, Cappuccio FP, Davies G, De Neve J-E, Deloukas 
P, Demuth I, Ding J, Eibich P, Eisele L, Eklund N, Evans68 DM, Faul JD, Feitosa MF, 
Forstner AJ, Gandin I, Gunnarsson B, Halldórsson BV, Harris TB, Heath AC, Hocking LJ, 
Holliday EG, Homuth G, Horan MA, Hottenga J-J, de Jager PL, Joshi PK, Jugessur A, 
Kaakinen MA, Kähönen M, Kanoni S, Keltigangas-Järvinen L, Kiemeney LALM, Kolcic I, 
Koskinen S, Kraja AT, Kroh M, Kutalik Z, Latvala A, Launer LJ, Lebreton MP, Levinson 
DF, Lichtenstein P, Lichtner P, Liewald DCM, Loukola A, Madden PA, Mägi R, Mäki-



 

83 

Opas T, Marioni RE, Marques-Vidal P, Meddens GA, McMahon G, Meisinger C, 
Meitinger T, Milaneschi Y, Milani L, Montgomery GW, Myhre R, Nelson CP, Nyholt DR, 
Ollier WER, Palotie A, Paternoster L, Pedersen NL, Petrovic KE, Porteous DJ, Räikkönen 
K, Ring SM, Robino A, Rostapshova O, Rudan I, Rustichini A, Salomaa V, Sanders AR, 
Sarin A-P, Schmidt H, Scott RJ, Smith BH, Smith JA, Staessen JA, Steinhagen-Thiessen E, 
Strauch K, Terracciano A, Tobin MD, Ulivi S, Vaccargiu S, Quaye L, van Rooij FJA, 
Venturini C, Vinkhuyzen AAE, Völker U, Völzke H, Vonk JM, Vozzi D, Waage J, Ware 
EB, Willemsen G, Attia JR, Bennett DA, Berger K, Bertram L, Bisgaard H, Boomsma DI, 
Borecki IB, Bultmann U, Chabris CF, Cucca F, Cusi D, Deary IJ, Dedoussis GV, van Duijn 
CM, Eriksson JG, Franke B, Franke L, Gasparini P, Gejman PV, Gieger C, Grabe H-J, 
Gratten J, Groenen PJF, Gudnason V, van der Harst P, Hayward C, Hinds DA, Hoffmann 
W, Hyppönen E, Iacono WG, Jacobsson B, Järvelin M-R, Jöckel K-H, Kaprio J, Kardia 
SLR, Lehtimäki T, Lehrer SF, Magnusson PKE, Martin NG, McGue M, Metspalu A, 
Pendleton N, Penninx BWJH, Perola M, Pirastu N, Pirastu M, Polasek O, Posthuma D, 
Power C, Province MA, Samani NJ, Schlessinger D, Schmidt R, Sørensen TIA, Spector 
TD, Stefansson K, Thorsteinsdottir U, Thurik AR, Timpson NJ, Tiemeier H, Tung JY, 
Uitterlinden AG, Vitart V, Vollenweider P, Weir DR, Wilson JF, Wright AF, Conley DC, 
Krueger RF, Smith GD, Hofman A, Laibson DI, Medland SE, Meyer MN, Yang J, 
Johannesson M, Visscher PM, Esko T, Koellinger PD, Cesarini D, Benjamin DJ. Genome-
wide association study identifies 74 loci associated with educational attainment. Nature. 
2016 May 11;533(7604):539–42.  

38.  Ho D, Imai K, King G, Stuart EA. MatchIt: Nonparametric Preprocessing for Parametric 
Causal Inference. J Stat Softw. 2011 Jun 14;42(1):1–28.  

39.  Sacre JW, Magliano DJ, Zimmet PZ, Polkinghorne KR, Chadban SJ, Anstey KJ, Shaw JE. 
Associations of Chronic Kidney Disease Markers with Cognitive Function: A 12-Year 
Follow-Up Study. Anstey K, Peters R, editors. J Alzheimers Dis. 2019 Aug 13;70(s1):S19–
30.  

40.  Ekblad LL, Toppala S, Johansson JK, Koskinen S, Sundvall J, Rinne JO, Puukka P, 
Viitanen M, Jula A. Albuminuria and Microalbuminuria as Predictors of Cognitive 
Performance in a General Population: An 11-Year Follow-Up Study. J Alzheimers Dis. 
2018 Feb 20;62(2):635–48.  

41.  Boor P. Albuminuria — a marker of systemic microvascular function. Nat Rev Nephrol. 
2016 Aug;12(8):449–50.  

42.  Matsushita K, van der Velde M, Astor BC, Woodward M, Levey AS. Association of 
estimated glomerular filtration rate and albuminuria with all-cause and cardiovascular 
mortality: a collaborative meta-analysis of general population cohorts. Lancet. 
2014;375(9731):2073–81.  

43.  Georgakis MK, Chatzopoulou D, Tsivgoulis G, Petridou ETh. Albuminuria and Cerebral 
Small Vessel Disease: A Systematic Review and Meta-Analysis. J Am Geriatr Soc. 2018 
Mar;66(3):509–17.  



 

84 

44.  Vilar-Bergua A, Riba-Llena I, Ramos N, Mundet X, Espinel E, López-Rueda A, Ostos E, 
Seron D, Montaner J, Delgado P. Microalbuminuria and the Combination of MRI Markers 
of Cerebral Small Vessel Disease. Cerebrovasc Dis. 2016;42(1–2):66–72.  

45.  Seliger SL, Wendell CR, Waldstein SR, Ferrucci L, Zonderman AB. Renal Function and 
Long-Term Decline in Cognitive Function: The Baltimore Longitudinal Study of Aging. 
Am J Nephrol. 2015;41(4–5):305–12.  

46.  Darsie B, Shlipak MG, Sarnak MJ, Katz R, Fitzpatrick AL, Odden MC. Original 
Contribution Kidney Function and Cognitive Health in Older Adults : The Cardiovascular 
Health Study. 2014;180(1):68–75.  

47.  Chen Y, Weng S, Liu J, Chuang H, Hsu C. Severe Decline of Estimated Glomerular 
Filtration Rate Associates with Progressive Cognitive Deterioration in the Elderly : A 
Community-Based Cohort Study. 2017;(June 2016):1–10.  

48.  Slinin Y, Paudel ML, Ishani A, Taylor BC, Yaffe K, Murray AM, Fink HA, Orwoll ES, 
Cummings SR, Barrett-Connor E, Jassal S, Ensrud KE, for the Osteoporotic Fractures in 
Men Study Group. Kidney Function and Cognitive Performance and Decline in Older Men: 
RENAL FUNCTION AND COGNITION IN OLDER MEN. J Am Geriatr Soc. 2008 
Nov;56(11):2082–8.  

49.  Cornelis MC, Wang Y, Holland T, Agarwal P, Weintraub S, Morris MC. Age and cognitive 
decline in the UK Biobank. PLoS ONE [Internet]. 2019 Mar 18 [cited 2020 Jun 28];14(3). 
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6422276/ 

50.  Martens RJH, Kooman JP, Stehouwer CDA, Dagnelie PC, van der Kallen CJH, Koster A, 
Kroon AA, Leunissen KML, Nijpels G, van der Sande FM, Schaper NC, Sep SJS, van 
Boxtel MPJ, Schram MT, Henry RMA. Estimated GFR, Albuminuria, and Cognitive 
Performance: The Maastricht Study. Am J Kidney Dis. 2017 Feb 1;69(2):179–91.  

51.  Abdelmalek JA, Rifkin DE. Cystatin C, creatinine, and albuminuria: bringing risk into 3 
dimensions. Am J Kidney Dis Off J Natl Kidney Found. 2012 Aug;60(2):176–8.  

52.  Bugnicourt J-M, Godefroy O, Chillon J-M, Choukroun G, Massy ZA. Cognitive Disorders 
and Dementia in CKD: The Neglected Kidney-Brain Axis. J Am Soc Nephrol. 
2013;24(3):353–63.  

53.  Miranda AS, Cordeiro TM, dos Santos Lacerda Soares TM, Ferreira RN, Simões e Silva 
AC. Kidney–brain axis inflammatory cross-talk: from bench to bedside. Clin Sci. 2017 
Jun;131(11):1093–105.  

54.  Zi M, Xu Y. Involvement of cystatin C in immunity and apoptosis. Immunol Lett. 2018 Apr 
1;196:80–90.  

55.  O’Hare AM, Bertenthal D, Covinsky KE, Landefeld CS, Sen S, Mehta K, Steinman MA, 
Borzecki A, Walter LC. Mortality Risk Stratification in Chronic Kidney Disease: One Size 
for All Ages? J Am Soc Nephrol. 2006 Mar 1;17(3):846–53.  



 

85 

56.  O’Hare AM, Choi AI, Bertenthal D, Bacchetti P, Garg AX, Kaufman JS, Walter LC, Mehta 
KM, Steinman MA, Allon M, McClellan WM, Landefeld CS. Age affects outcomes in 
chronic kidney disease. J Am Soc Nephrol JASN. 2007 Oct;18(10):2758–65.  

57.  Shin MH, Kweon SS, Choi JS, Lee YH, Nam HS, Park KS, Kim HN, Oh SY, Jeong SK. A 
disease modification effect of APOE E4 on the association between urinary albumin 
excretion and cognition in Korean adults. Markers. 2014;2014:724281–724281.  

58.  Langefeld CD, Beck SR, Bowden DW, Rich SS, Wagenknecht LE, Freedman BI. 
Heritability of GFR and albuminuria in Caucasians with type 2 diabetes mellitus. Am J 
Kidney Dis Off J Natl Kidney Found. 2004 May;43(5):796–800.  

59.  Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, Collins R, Allen NE. 
Comparison of Sociodemographic and Health-Related Characteristics of UK Biobank 
Participants With Those of the General Population. Am J Epidemiol. 2017 Nov 
1;186(9):1026–34.  

60.  Fawns-Ritchie C, Deary IJ. Reliability and validity of the UK Biobank cognitive tests. 
PLoS ONE [Internet]. 2020 Apr 20 [cited 2020 Jun 28];15(4). Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7170235/ 

 

 

 

 

 

 

 

 

 

 

 

 



 

86 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations: eGFRcre, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based 
estimated glomerular filtration rate; LDL-C, LDL-cholesterolValues are shown as n (%) for categorical 
variables and mean (SD) for continuous variables. Albuminuria was defined as a urine albumin to 
creatinine ratio (ACR) ≥2.5 mg/mmol for men and ACR ≥3.5 mg/mmol for womenAll characteristics are 
significantly different by sex except eGFRcre<60ml/min (p-value=0.55) 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.1. Characteristics of study population overall and according to sex 
 All Participants Female Male 
 n=341,208 n=183,822 n=157,386 

Age (years) 56.69 (8.01) 56.50 (7.91) 56.91 (8.11) 

Smoking status    

Current 34,882 (10.2) 16,086 (8.8) 18,796 (11.9) 

Never 184,846 (54.2) 108,045 (58.8) 76,801 (48.8) 

Past 121,480 (35.6) 59,691 (32.5) 61,789 (39.3) 

Some university education 193,791 (56.8) 100,608 (54.7) 93,183 (59.2) 

Alcohol drinking status    

Current 319,390 (93.6) 169,577 (92.3) 149,813 (95.2) 

Never 10,307 (3.0) 7,725 (4.2) 2,582 (1.6) 

Past 11,511 (3.4) 6,520 (3.5) 4,991 (3.2) 

Body mass index (kg/m2) 27.34 (4.73) 26.94 (5.11) 27.80 (4.20) 

LDL-c (mmol/L) 3.57 (0.87) 3.64 (0.87) 3.49 (0.86) 

Triglycerides (mmol/L) 1.75 (1.02) 1.55 (0.85) 1.98 (1.14) 

Hypertension 188,082 (55.1) 88,941 (48.4) 99,141 (63.0) 

Type II diabetes 16,596 (4.9) 6004 (3.3) 10,592 (6.7) 

Coronary artery disease 12,044 (3.5) 2569 (1.4) 9,475 (6.0) 

History of stroke 5,489 (1.6) 2264 (1.2) 3,225 (2.0) 

Heart failure 947 (0.3) 231 (0.1) 716 (0.5) 

Cholesterol-lowering medication 57,130 (16.7) 22,065 (12.0) 35,065 (22.3) 

Antihypertensive medication 68,615 (20.1) 30,859 (16.8) 37,756 (24.0) 

Hormone replacement therapy NA 13,325 (7.5) NA 

Albuminuria 17,006 (5.0) 6,886 (3.7) 10,120 (6.4) 
eGFRcre<60 ml/min 7,605 (2.2) 4,071 (2.2) 3,534 (2.2) 
eGFRcys<60 ml/min 14,986 (4.4) 7,882 (4.3) 7,104 (4.5) 
Verbal-numeric reasoning score 6.17 (2.10) 6.07 (2.03) 6.32 (2.18) 
Reaction time (ms) 555.14 (113.15) 563.14 (113.51) 545.80 (112.01) 
Visual memory score 4.11 (3.26) 4.11 (3.18) 4.10 (3.35) 
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Figure 3.1. Adjusted beta estimates and 95% confidence intervals for association between kidney function 
exposures and cognitive performance. Models using all data were adjusted for age, sex, education, Townsend 
deprivation index, country of birth, physical activity, hypertension, diabetes, alcohol use, smoking, body mass 
index, lipid lowering  and antihypertensive drugs. Matched data based on 1:2 propensity score matching was 
based on the same covariate set as models using all data. Albuminuria was defined as ACR≥2.5mg/mmol for men 
and ACR ≥3.5mg/mmol for women. Abbreviations: eGFRcre, creatinine-based estimated glomerular filtration 
rate; eGFRcys, cystatin C-based estimated glomerular filtration rate. 

Verbal-numeric reasoning Total n 𝜷 (95%CI) 𝜷 (95%CI) p-value 

Albuminuria     

All data 118,146  -0.09 (-0.14 to -0.04) <0.001 

Matched data 12,254  -0.08 (-0.14 to -0.01) 0.02 

eGFRcr < 60ml/min     

All data 118,146  -0.11 (-0.18 to -0.03) 0.01 

Matched data 5,334  -0.06 (-0.16 to 0.03) 0.19 

eGFRcys < 60ml/min     

All data 118,146  -0.21 (-0.27 to -0.16) <0.001 

Matched data 10,180  -0.15 (-0.22 to -0.09) <0.001 

     

     

Reaction time Total n 𝜷 (95%CI) 𝜷 (95%CI) p-value 

Albuminuria     

All data 340,887  7.06 (5.42 to 8.69) <0.001 

Matched data 33,992  7.23 (5.18 to 9.27) <0.001 

eGFRcr < 60ml/min     

All data 340,887  6.08 (3.66 to 8.49) <0.001 

Matched data 15,206  5.71 (2.46 to 8.95) <0.001 

eGFRcys < 60ml/min     

All data 340,887  11.21 (9.44 to 12.99) <0.001 

Matched data 29,948  10.67 (8.37 to 12.98) <0.001 

     

     

Visual memory Total n 𝜷 (95%CI) 𝜷 (95%CI) p-value 

Albuminuria     

All data 341,208  0.013 (0.003 to 0.023) 0.01 

Matched data 34,012  0.018 (0.006 to 0.029) 0.002 

eGFRcre < 60ml/min     

All data 341,208  -0.005 (-0.02 to 0.009) 0.47 

Matched data 15,210  -0.011 (-0.028 to 0.006) 0.21 

eGFRcys < 60ml/min     

All data 341,208  -0.002 (-0.013 to 0.008) 0.71 

Matched data 29,972  0.001 (-0.011 to 0.013) 0.85 
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   Table 3.S1. Cardiovascular disease variable definitions 

Variable Definition 

Coronary heart 
disease (CHD) 

Self-report of myocardial infarction (MI), coronary artery bypass grafting, coronary 
artery angioplasty or triple heart bypass from nurse-administered verbal interview or 

Hospitalization for ICD-10 codes: (I21.0-21.4, I21.9, I22, I22.0, I22.1, I22.8, I22.9, 
I23, I23.0-23.6, I23.8) or ICD-9 codes: (410-412.9, 414) or 

Hospitalization for OPCS-4 coded procedure: (K40-K46, K49-K50, and K75) 

Stroke Stroke history was centrally adjudicated by UK Biobank as self-report of stroke from 
nurse-administered verbal interview or hospitalization for ICD-10 codes: (I60-64) or 
ICD-9 codes: (430, 431, 434, 436) 
(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=462) 

Heart failure Self-report of heart failure from nurse-administered verbal interview or 

Hospitalization for ICD-10 codes: (I50, I110, I130, 

I132) or ICD-9 codes: (428.0, 428.9) 
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Figure 3.2. Predicted mean reaction time and 95% confidence intervals using albuminuria status as a predictor 
grouped by cognitive function polygenic score category. Higher scores represent worse performance. Abbreviations: 
PRSCOG, cognitive function polygenic score 
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Table 3.S2. Characteristics of study population according to albuminuria status: the UK Biobank 

 Albuminuria No albuminuria 

 n=17,006 n=324,202 

Age (years) 58.98 (7.74) 56.57 (8.00) 

Male 10,120 (59.5) 147,266 (45.4) 

Smoking status   

Current 2,360 (13.9) 32,522 (10.0) 

Never 7,759 (45.6) 177,087 (54.6) 

Past 6,887 (40.5) 114,593 (35.3) 

Some university education 8,790 (51.7) 185,001 (57.1) 

Alcohol drinking status   

Current 15,671 (92.1) 303,719 (93.7) 

Never 568 (3.3) 9,739 (3.0) 

Past 767 (4.5) 10,744 (3.3) 

Body mass index (kg/m2) 28.83 (5.68) 27.26 (4.66) 

LDL-c (mmol/L) 3.43 (0.93) 3.58 (0.86) 

Triglycerides (mmol/L) 2.03 (1.25) 1.73 (1.00) 

Hypertension 13,468 (79.2) 174,614 (53.9) 

Type II diabetes 2,835 (16.7) 13,761 (4.2) 

Coronary artery disease 1,290 (7.6) 10,754 (3.3) 

History of stroke 611 (3.6) 4,878 (1.5) 

Heart failure 153 (0.9) 794 (0.2) 

Cholesterol-lowering medication 5,630 (33.1) 51,500 (15.9) 

Antihypertensive medication 7,132 (41.9) 61,483 (19.0) 

Abbreviations: eGFR, estimated glomerular filtration rate; HDL-C, HDL-cholesterol; LDL-
C, LDL-cholesterolValues are shown as n (%) for categorical variables and mean (SD) for 
continuous variables. Albuminuria was defined as a urine albumin to creatinine ratio (ACR) 
≥2.5mg/mmol for men and ACR ≥3.5mg/mmol for women. All characteristics are 
significantly different by albuminuria status 
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Table 3.S3. Characteristics of study population according to eGFRcre category: the UK Biobank 

 eGFRcre <60 ml/min eGFRcre ≥60 ml/min 

 n=7,605 n=333,603 

Age (years) 62.79 (5.76) 56.55 (8.00) 

Male 3,534 (46.5) 153,852 (46.1) 

Smoking status   

Current 599 (7.9) 34,283 (10.3) 

Never 3,665 (48.2) 181,181 (54.3) 

Past 3,341 (43.9) 118,139 (35.4) 

Some university education 3,558 (46.8) 190,233 (57.0) 

Alcohol drinking status   

Current 6,783 (89.2) 312,607 (93.7) 

Never 419 (5.5) 9,888 (3.0) 

Past 403 (5.3) 11,108 (3.3) 

Body mass index (kg/m2) 29.10 (5.23) 27.30 (4.71) 

LDL-c (mmol/L) 3.32 (0.95) 3.58 (0.86) 

Triglycerides (mmol/L) 2.04 (1.09) 1.74 (1.02) 

Hypertension 5,895 (77.5) 182,187 (54.6) 

Type II diabetes 1,002 (13.2) 15,594 (4.7) 

Coronary artery disease 912 (12.0) 11,132 (3.3) 

History of stroke 397 (5.2) 5,092 (1.5) 

Heart failure 159 (2.1) 788 (0.2) 

Cholesterol-lowering medication 3,249 (42.7) 53,881 (16.2) 

Antihypertensive medication 4,080 (53.7) 64,535 (19.3) 

Abbreviations: eGFR, estimated glomerular filtration rate; LDL-C, LDL-cholesterolValues are shown as 
n (%) for categorical variables and mean (SD) for continuous variablesAll characteristics are significantly 
different by eGFRcre category except sex (p-value=0.55) 
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Table 3.S4. Characteristics of study population according to eGFRcys category: the UK Biobank 

 eGFRcys<60 ml/min eGFRcys ≥60 ml/min 

 n=14,986 n=326,222 

Age (years) 63.21 (5.28) 56.39 (7.98) 

Male 7,104 (47.4) 150,282 (46.1) 

Smoking status   

Current 2,466 (16.5) 32,416 (9.9) 

Never 6,356 (42.4) 178,490 (54.7) 

Past 6,164 (41.1) 115,316 (35.3) 

Some university education 6,163 (41.1) 187,628 (57.5) 

Alcohol drinking status   

Current 12,912 (86.2) 306,478 (93.9) 

Never 1,011 (6.7) 9,296 (2.8) 

Past 1,063 (7.1) 10,448 (3.2) 

Body mass index (kg/m2) 30.62 (5.97) 27.19 (4.61) 

LDL-c (mmol/L) 3.37 (0.96) 3.58 (0.86) 

Triglycerides (mmol/L) 2.12 (1.11) 1.73 (1.01) 

Hypertension 12,012 (80.2) 176,070 (54.0) 

Type II diabetes 2,224 (14.8) 14,372 (4.4) 

Coronary artery disease 1,735 (11.6) 10,309 (3.2) 

History of stroke 789 (5.3) 4,700 (1.4) 

Heart failure 269 (1.8) 678 (0.2) 

Cholesterol-lowering medication 5,955 (39.7) 51,175 (15.7) 

Antihypertensive medication 8,105 (54.1) 60,510 (18.5) 

Abbreviations: eGFR, estimated glomerular filtration rate; LDL-c, LDL-cholesterol. Values are shown as 
n (%) for categorical variables and mean (SD) for continuous variablesAll characteristics are significantly 
different by eGFRcys category 
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Table 3.S5. Multivariable linear regression analyses of association between kidney marker exposure 
categories and cognitive performance 

 Verbal-numeric memory Reaction time Visual memory 

 
𝜷  

(95%CI) 
p-value 

𝜷  
(95%CI) 

p-value 
𝜷  

(95%CI) 
p-value 

Albuminuria       

All 
-0.09 

(-0.14 to -0.04) 
<0.001 7.06 

(5.42 to 8.69) 
<0.001 0.013 

(0.003 to 0.023) 
0.01 

Women 
-0.08 

(-0.15 to -0.01) 
0.03 5.32 

(2.79 to 7.85) 
<0.001 0.014 

(-0.001 to 0.029) 
0.06 

Men 
-0.08 

(-0.15 to -0.02) 
0.02 8.75 

(6.62 to 10.89) 
<0.001 0.012 

(-0.001 to 0.025) 
0.07 

p-interactiona  0.52  0.29  0.89 

       

eGFRcr < 60ml/min       

All 
-0.11 

(-0.18 to -0.03) 
<0.001 6.08 

(3.66 to 8.49) 
<0.001 -0.005 

(-0.02 to 0.009) 
0.47 

Women 
-0.05 

(-0.15 to 0.05) 
0.32 4.67 

(1.36 to 7.98) 
0.005 -0.011 

(-0.031 to 0.008) 
0.25 

Men 
-0.18 

(-0.29 to -0.07) 
0.002 7.79 

(4.26 to 11.33) 
<0.001 0.002 

(-0.019 to 0.023) 
0.86 

p-interactiona  0.01  0.69  0.20 

       

eGFRcys < 60ml/min       

All 
-0.21 

(-0.27 to -0.16) 
<0.001 11.21 

(9.44 to 12.99) 
<0.001 -0.002 

(-0.013 to 0.008) 
0.71 

Women 
-0.18 

(-0.25 to -0.11) 
<0.001 11.29 

(8.84 to 13.75) 
<0.001 -0.001 

(-0.015 to 0.014) 
0.92 

Men 
-0.25 

(-0.33 to -0.16) 
<0.001 11.15 

(8.58 to 13.72) 
<0.001 -0.004 

(-0.019 to 0.012) 
0.65 

p-interactiona  0.09  0.31  0.82 

Models adjusted for age, sex, education, Townsend deprivation index, country of birth, physical 
activity, hypertension, diabetes status, alcohol use, smoking status, body mass index, lipid lowering 
drugs, and antihypertensive drugs. Abbreviations: eGFRcre, creatinine-based estimated glomerular 
filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate. ap-value for marker 
by sex interaction. 
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Table 3.S6. Multivariable linear regression analyses of association between kidney marker 
exposure categories and cognitive performance adjusted for cardiovascular disease 

 Verbal-numeric memory Reaction time Visual memory 

 
𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 

Albuminuria       

All 
-0.09 

(-0.14 to -0.04) 
<0.001 5.54 

(3.03 to 8.05) 
<0.001 0.013 

(0.004 to 0.023) 
0.01 

Women 
-0.08 

(-0.15 to 0.004) 
0.04 4.99 

(2.46 to 7.52) 
<0.001 0.014 

(-0.001 to 0.029) 
0.06 

Men 
-0.08 

(-0.15 to -0.01) 
0.02 8.27 

(6.14 to 10.40) 
<0.001 0.012 

(-0.001 to 0.025) 
0.07 

p-interactiona  0.61  0.27  0.90 

       

eGFRcr < 60ml/min       

All 
-0.09 

(-0.16 to -0.01) 
0.02 5.03 

(1.75 to 8.31) 
0.003 -0.005 

(-0.020 to 0.009) 
0.47 

Women 
-0.04 

(-0.13 to 0.06) 
0.50 3.73 

(0.42 to 7.04) 
0.03 -0.012 

(-0.031 to 0.007) 
0.22 

Men 
-0.15 

(-0.26 to -0.04) 
0.008 5.83 

(2.29 to 9.37) 
0.001 0.002 

(-0.019 to 0.024) 
0.83 

p-interactiona  0.03  0.08  0.82 

       

eGFRcys < 60ml/min       

All 
-0.20 

(-0.25 to -0.14) 
<0.001 11.52 

(9.1 to 13.93) 
<0.001 -0.002 

(-0.013 to 0.008) 
0.69 

Women 
-0.17 

(-0.25 to -0.1) 
<0.001 10.46 

(8.0 to 12.92) 
<0.001 -0.001 

(-0.016 to 0.013) 
0.85 

Men 
-0.23 

(-0.31 to -0.15) 
<0.001 9.50 

(6.92 to 12.08) 
<0.001 -0.003 

(-0.019 to 0.012) 
0.68 

p-interactiona  0.08  0.81  0.20 

Models adjusted for age, sex, education, Townsend deprivation index, country of birth, physical 
activity, hypertension, diabetes status, alcohol use, smoking status, body mass index, lipid lowering 
drugs, antihypertensive drugs, coronary artery disease, stroke and heart failure. Abbreviations: 
eGFRcre, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based 
estimated glomerular filtration rate. ap-value for marker by sex interaction. 

 

 

 

 

 

 



 

95 

Table 3.S7. Multivariable linear regression analyses of association between kidney marker 
exposure categories and cognitive performance excluding those with type II diabetes 

 Verbal-numeric memory Reaction time Visual memory 

 
𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 

Albuminuria       

All 
-0.11 

(-0.16 to -0.05) 
<0.001 5.89 

(4.13 to 7.65) 
<0.001 0.010 

(-0.001 to 0.02) 
0.07 

Women 
-0.10 

(-0.17 to -0.02) 
0.01 4.15 

(1.51 to 6.79) 
<0.001 0.011 

(-0.005 to 0.026) 
0.17 

Men 
-0.10 

(-0.17 to -0.02) 
0.01 7.76 

(5.4 to 10.11) 
<0.001 0.008 

(-0.007 to 0.022) 
0.29 

p-interactiona  0.64  0.13  0.88 

       

eGFRcr < 60ml/min       

All 
-0.11 

(-0.19 to -0.03) 
0.007 5.54 

(2.96 to 8.11) 
<0.001 -0.006 

(-0.021 to 0.01) 
0.46 

Women 
-0.05 

(-0.16 to 0.05) 
0.30 4.07 

(0.61 to 7.53) 
0.02 -0.015 

(-0.035 to 0.005) 
0.14 

Men 
-0.18 

(-0.3 to -0.06) 
0.003 7.53 

(3.68 to 11.39) 
0.001 0.006 

(-0.017 to 0.03) 
0.61 

p-interactiona  0.02  0.80  0.09 

       

eGFRcys < 60ml/min       

All 
-0.21 

(-0.27 to -0.15) 
<0.001 10.45 

(8.54 to 12.35) 
<0.001 -0.003 

(-0.014 to 0.009) 
0.65 

Women 
-0.19 

(-0.27 to -0.11) 
<0.001 10.8 

(8.21 to 13.40) 
<0.001 -0.003 

(-0.018 to 0.012) 
0.74 

Men 
-0.23 

(-0.32 to -0.14) 
<0.001 10.08 

(7.27 to 12.88) 
<0.001 -0.003 

(-0.02 to 0.014) 
0.76 

p-interactiona  0.07  0.07  0.60 

Models adjusted for age, sex, education, Townsend deprivation index, country of birth, physical 
activity, hypertension, alcohol use, smoking status, body mass index, lipid lowering drugs, and 
antihypertensive drugs. Abbreviations: eGFRcre, creatinine-based estimated glomerular filtration 
rate; eGFRcys, cystatin C-based estimated glomerular filtration rate. ap-value for marker by sex 
interaction. 
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Table 3.S8. Multivariable linear regression analyses of association between kidney marker exposure 
categories and cognitive performance excluding those with past stroke 

 Verbal-numeric memory Reaction time Visual memory 

 
𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 𝜷 

(95%CI) 
p-value 

Albuminuria       

All 
-0.08 

(-0.13 to -0.03) 
<0.001 6.41 

(4.77 to 8.06) 
<0.001 0.008 

(-0.002 to 0.019) 
0.13 

Women 
-0.08 

(-0.15 to -0.001) 
0.05 4.42 

(1.88 to 6.97) 
0.01 0.009 

(-0.006 to 0.025) 
0.23 

Men 
-0.08 

(-0.14 to -0.01) 
0.03 8.35 

(6.2 to 10.51) 
<0.001 0.006 

(-0.008 to 0.021) 
0.39 

p-interactiona  0.56  0.12  0.86 

       

eGFRcr < 60ml/min 
    -0.002 

(-0.023 to 0.019) 
 

All 
-0.1 

(-0.18 to -0.02) 
0.01 4.91 

(2.45 to 7.37) 
<0.001 -0.006 

(-0.022 to 0.01) 
0.46 

Women 
-0.04 

(-0.14 to 0.06) 
0.40 4.12 

(0.78 to 7.46) 
0.04 -0.013 

(-0.034 to 0.007) 
0.19 

Men 
-0.17 

(-0.29 to -0.05) 
0.004 5.95 

(2.31 to 9.58) 
0.004 0.004 

(-0.02 to 0.029) 
0.73 

p-interactiona  0.01  0.85  0.14 

       

eGFRcys < 60ml/min       

All 
-0.20 

(-0.25 to -0.14) 
<0.001 9.98 

(8.17 to 11.79) 
<0.001 -0.004 

(-0.015 to 0.008) 
0.51 

Women 
-0.18 

(-0.26 to -0.1) 
<0.001 10.60 

(8.11 to 13.08) 
<0.001 -0.004 

(-0.019 to 0.012) 
0.62 

Men 
-0.22 

(-0.3 to -0.13) 
<0.001 9.27 

(6.64 to 11.91) 
<0.001 -0.004 

(-0.021 to 0.014) 
0.66 

p-interactiona  0.08  0.08  0.60 

Models adjusted for age, sex, education, Townsend deprivation index, country of birth, physical 
activity, hypertension, diabetes status, alcohol use, smoking status, body mass index, lipid lowering 
drugs, and antihypertensive drugs. Abbreviations: eGFRcre, creatinine-based estimated glomerular 
filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate. ap-value for marker by 
sex interaction. 
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Figure 3.S1. 100% bar chart illustrating the distribution of age tertiles by kidney function marker. 
Age groups correspond to age tertiles of total study population. Values represent the number of 
individuals from each specific age tertile that fit the criteria for each kidney function  marker. 
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Figure 3.S2. Predicted mean reaction time and 95% confidence intervals using eGFRcys category as 
a predictor grouped by age category. Abbreviations: eGFRcys, cystatin C-based estimated 
glomerular filtration rate 
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CHAPTER 4: BIOMARKERS OF KIDNEY FUNCTION AND COGNITIVE 
ABILITY: A MENDELIAN RANDOMIZATION STUDY 
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ABSTRACT 

 Background: Estimated glomerular filtration rate (eGFR), albuminuria and serum uric 

acid (SUA) are markers of kidney function that have been associated with cognitive ability. 

However, whether these associations are causal is unclear. 

 Methods: We performed one-sample Mendelian randomization (MR) to estimate the 

effects of kidney function markers on cognitive performance using data from the UK Biobank. 

Polygenic scores for serum uric acid (SUA), urine albumin to creatinine ratio (ACR), estimated 

glomerular filtration rate based on serum creatinine (eGFRcre) and serum cystatin-c (eGFRcys) 

were used as instruments, and cognitive function outcomes included a test of verbal-numeric 

reasoning and reaction time. 

 Results: We found no evidence of a causal effect of genetically determined SUA, 

eGFRcre or eGFRcys on either cognitive function outcomes. There was no association between a 

polygenic score for ACR and verbal-numeric reasoning. However, there was suggestive evidence 

of a relationship between genetically increased ACR and slower reaction time. Pleiotropy 

adjusted estimates were directionally consistent with those of the principal analysis but 

overlapped with the null perhaps as a result of inadequate power. 

 Conclusions: This MR study does not support causal effects of SUA, eGFRcre or 

eGFRcys on cognitive performance. Genetically-increased ACR was associated with lower 

processing speed, but results need confirmation in independent samples.  
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INTRODUCTION 
 
 
 Dementia imposes significant societal and economic burdens. It is a leading cause of 

disability and was estimated to cost the equivalent to 1.1% of global gross domestic product in 

2015 [1]. As no effective therapeutic treatment is currently available, identification and 

mitigation of modifiable risk factor remain of central importance. Chronic kidney disease (CKD) 

has emerged as a possible risk indicator for cognitive impairment [2,3]. Individuals living with 

chronic kidney disease experience higher rates of cognitive impairment and dementia compared 

to healthy adults [4]. Observational studies of associations between common biomarkers of 

kidney function suggest that this risk may extend to individuals with only mild kidney 

impairment [5,6]. Most common of these biomarkers, estimated glomerular filtration rate based 

on serum creatinine (eGFRcre) has been associated with cognitive performance [4,6–8] but 

studies have been conflicting [2]. Though less studied, cystatin C based GFR estimates (GFRcys) 

have shown stronger associations with cognitive performance compared to creatinine-based 

measurements [9,10].  An increased urine albumin to creatinine ratio (ACR) or albuminuria, 

which reflects kidney damage and is highly indicative of vascular dysfunction has been 

associated with higher odds of cognitive impairment and dementia [2,11]. However, whether this 

reflects a causal effect of albuminuria independent of concomitant cardiovascular disease is 

unclear.  Higher serum SUA levels are correlated with diabetes, cardiovascular and kidney 

disease [12] but associations with cognitive ability are conflicting [13–15].   Somewhat 

paradoxically, case-control and cross-sectional studies have reported lower levels of SUA in 

individuals with Alzheimer’s disease compared to those with normal cognition [16–18]. This 

finding has been attributed to a potential neuroprotective role of SUA through its anti-oxidant 

properties [19].  
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  However, observational studies are susceptible to confounding and reverse causation to 

varying degrees and are therefore not appropriate for inferring causation.  For example, in this 

context associations may have been confounded by environmental factors such as socio-

economic status or comorbid disease. Reverse causation whereby the state of dementia leads to 

alterations in biomarker concentrations may also explain some of the observed inconsistencies in 

past studies, particularly with respect to the relationship between serum uric acid and 

Alzheimer’s disease as individuals with Alzheimer’s may change their eating habits. 

 The Mendelian randomization approach attempts to provide evidence of a causal 

association using genetic variants as instrumental variables for the exposure of interest. 

Analogous to randomization in clinical trials, the random assortment of alleles during meiosis 

allows confounding factors to be distributed evenly across genotypes. Furthermore, genotype at 

conception confers a lifelong increase or decrease in the exposure of interest minimizing the 

effects of reverse causation. The validity of the instrumental variable in Mendelian 

randomization relies on three key assumptions: (1) the genetic variant is strongly associated with 

the exposure, (2) the variant is not associated with confounders of exposure-outcome association, 

and (3) the variant-outcome association is explained only through the effect of the exposure of 

interest. The second and third assumptions can be violated in the presence of pleiotropy, where a 

genetic variant is associated with factors on a different causal pathway [20]. However, sensitivity 

analyses have been developed to address pleiotropic effects.  

 Individual-level data from the UK Biobank (UKBB) and summary data from previous 

genome-wide association studies (GWAS) were used to construct polygenic scores for multiple 

markers of kidney function including SUA, eGFRcre, eGFRcys or ACR. We then performed a 
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one-sample MR using these scores as instrumental variables to test for causal associations 

between each kidney function biomarker and cognitive performance.  

 

METHODS 

Study population 

 The UKBB is a prospective cohort that enrolled 502,617 participants aged 40-73 years 

from across the United Kingdom between 2006 and 2010. Details of enrollment procedures have 

been previously described [21]. At the baseline assessment, participants completed a detailed, 

computerized questionnaire including a wide range of information pertaining to lifestyle and 

health characteristics.  Participants completed a battery of cognitive function tests via 

touchscreen interface at this time. Blood and urine samples for the full cohort were collected and 

stored for biochemical tests and genotyping. Ethical approval for data collection was received 

from the North-West Multi-centre Research Ethics Committee and the research was carried out 

in accordance with the Declaration of Helsinki of the World Medical Association Helsinki and 

approved by the University of California San Diego Institutional Review Board. Written 

informed consent was obtained for all participants.  

Genotyping 

 The UKBB study was genotyped on the Affymetrix (now part of ThermoFisher 

Scientific) UK BiLEVE Axiom array (n=49,950 participants) or the similar UKBB Axiom array 

(n=438,427). To facilitate use of the UKBB resource by the research community, genotyping, 

quality control (QC) and genotype imputation were performed centrally by the primary UKBB 

investigators [22]. Genotype imputation is a statistical technique that leverages directly 

genotyped variants and a reference panel to infer ungenotyped variants. Prior to imputation, 
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genetic data from two arrays was combined and a QC procedure performed. Post quality control, 

genetic data is available for 488,377 subjects on 805,426 genetic markers and 92,693,895 

imputed variants.  We carried out the following additional quality control and filtering steps. 

Individuals with the following characteristics were excluded: extreme heterozygosity or 

missingness (n=968), individuals with sex chromosome aneuploidy (n=651), individuals whose 

reported sex did not match genetically inferred sex (n=186), and individuals with high levels of 

cryptic relatedness (n=73). Principal components were then calculated for the remaining 486,387 

participants using 1000 Genomes as the reference population [23]. We used the “aberrant” 

clustering package in R [24] with a lambda parameter of 8.2 to determine the European ancestry 

cluster. Subjects with self-report of non-British or non-European ancestry included in European 

ancestry cluster were excluded, resulting in, 454,488 participants with European ancestry. To 

avoid inflation in test statistics due to inclusion of related individuals, we used a custom script 

that implements a greedy algorithm to determine the unrelated subset. Relatedness was first 

determined by UKBB using identity by State (IBS). The algorithm sequentially breaks related 

pairs to retain only unrelated individuals while preferentially maximizing the number of 

individuals with a user defined characteristic. In this study we chose to maximize those with 

available verbal-numeric reasoning scores. We excluded those with approximately second degree 

or closer relatedness (pi-hat =0.0625, n= 69,378 removed).  After additionally excluding those 

who had withdrawn consent at the time of this study, pregnant women (n=119), individuals with 

probable type 1 diabetes (n=1670) and participants missing data on kidney function exposures or 

cognitive test scores there remained 124,834 and 357,590 participants for analyses with verbal-

numerical reasoning  and reaction time, respectively. 

Kidney function biomarkers 
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 At the initial assessment (2006-2010), blood and spot urine samples were collected and 

analyzed at a centralized laboratory. Sampling, handling, and quality control of biochemical 

measures have been described in detail previously [25]. Briefly, serum creatinine, urine 

creatinine and urine albumin were measured on a Beckman Coulter AU5800 instrument. An 

enzymatic, IDMS-traceable method was used to measure serum and urine creatinine. Urine 

albumin was quantified using an immune-turbidimetric method (Randox laboratories) with a 

lower limit of detection of 6.7 mg/L. Measurements below the lower limit of detection were set 

to 6.7mg/L as done previously [26]. Serum cystatin-C was measured using an Immuno-

turbidimetric assay on a Siemens ADVIA 1800 instrument. Estimated GFR was calculated using 

creatinine (eGFRcre) or cystatin-C (eGFRcys) by the CKD-EPI equation as described previously 

[27,28]. SUA was measured by uricase PAP analysis on a Beckman Coulter AU5800. 

Cognitive function 

 Cognitive function was assessed using self-administered, computerized tests specifically 

designed for the UKBB [29].  The verbal-numeric reasoning test, originally labelled the ‘fluid 

intelligence’ test, (Field ID 20016) included 13 logic/reasoning-type questions.  The score was 

the number of questions answered correctly within a two-minute time limit. The Cronbach alpha 

coefficient for this test has been previously reported elsewhere as 0.62 [30]. This test was added 

part-way through the initial assessment period and therefore was not administered to all 

participants. 

 The reaction time is similar to the card game “Snap”. Participants were shown a series of 

card pairs with symbols on them and were instructed to press a large red button as quickly as 

possible when the cards matched (Field ID 20023). The score was the mean time, in milliseconds 

(ms), to press the button across all trials with a matching pair. 
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Statistical analysis 

 

Polygenic scores 

 SNPs included in the SUA, eGFRcre and eGFRcys polygenic scores were identified from 

GWAS meta-analysis of 288,649, 567,460 and 32,861 participants of European ancestry, 

respectively [26,31,32].   We used European ancestry specific summary statistics from a meta-

analysis (n=547,361) carried out by Teumer et al. to derive the polygenic score for ACR [26]. All 

summary statistics were downloaded from the data page maintained by the CKDGen consortium 

(ckdgen.imbi.uni-freiburg.de/). It should be noted that UKBB participants made up the largest 

proportion of individuals included in the Teumer et al. meta-analysis which may to contribute to 

the winner’s curse phenomenon [33]. However, prior GWAS were underpowered and would be 

unlikely to yield a polygenic score with adequate instrument strength [34]. For each biomarker 

we constructed two polygenic scores based on SNPs that passed a p-value threshold p<5 x10-8 or 

p<1 x10-5 in prior GWAS. SNPs were pruned based on the 1000 Genomes data with an R2 <0.1 

and a 500kb clumping window to find the SNP with the with the lowest p-value for each clump. 

The variance explained by the polygenic scores was calculated as the adjusted R2 from the 

association of each score with the biomarker adjusted for age, sex and the 10 principal 

components (PCs) of population structure minus the adjusted R2 from the regression with age, 

sex and the 10 PCs only.   

 We performed mendelian randomization analyses through two-stage least squares (2SLS) 

regression using the ivreg command from the AER package in R [35]. In 2SLS the exposure of 

interest is regressed on the polygenic score and, the outcome is regressed on the predicted values 

of the exposure and the residuals from the first regression. All 2SLS models were adjusted for 

age, sex, and the first 10 PCs. ACR was log-transformed for normality before analysis. The 
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instrument strength of each polygenic score was assessed using the F-statistic from the first 

regression where an F-statistic less than 10 suggests a weak instrument.   

Sensitivity analysis 

 Modification by sex or age was assessed by performing 2SLS stratified by sex and by the 

median age in the UKBB (<58 years vs 58 years or older). We repeated 2SLS analyses using an 

unweighted allele scores for ACR to minimize bias from the use of  internally derived weights 

[36]. Although, 2SLS is the standard method for MR in one-sample settings it does not address 

the problem of pleiotropy which violates the assumption that the genetic variant-outcome 

association is explained only through the effect of the exposure of interest. Alternatively, 

methods to address pleiotropy have been developed for two-sample MR where the effect 

estimates for the SNP-exposure and SNP-outcome are gleaned from independent study 

populations [37]. Using the MendelianRandomization package in R [38], we applied two 

methods, MRegger [39] and weighted-median regression [40] to account for the potential effects 

of pleiotropic SNPs in the ACR polygenic score. First, the β-estimates for the associations 

between each SNP with ACR and reaction time were obtained and inverse-variance weighted 

fixed effects meta-analysis (IVW) was used to derive the MR estimate to approximate the 2SLS 

estimate [41]. The MR-Egger method was used to estimate the causal effect as the slope from the 

weighted regression and the average pleiotropic effect as the intercept. If the intercept from the 

MR-Egger analysis is not equal to zero this indicates directional pleiotropy. Weighted median 

regression was then used to estimate the causal effect assuming at least 50% of the SNPs in the 

polygenic score are valid and that there is not directional pleiotropy.  
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RESULTS 

 Characteristics of the study population are shown in Table 4.1. The mean age was 56.7 

years and 54% were female. On average, participants had a mean verbal-numeric reasoning score 

of 6.18 (standard deviation (SD)=2.11) and a mean reaction time of 555ms (SD=113ms). Mean 

eGFR was slightly lower when estimated using cystatin-C rather than creatinine (mean 

(SD)=88.35 (15.93) ml/min for eGFRcys and 90.67 (13.09) ml/min for eGFRcre).  SUA was 

higher in men compared to women (mean (SD)=5.96 (1.20) mg/dl vs 4.54 (1.10) mg/dl), but the 

median ACR was lower in men (median (IQR)=0.86 (0.85) mg/g in men and 1.37 (1.33) mg/g in 

women).  

MR analysis  

 F-statistics for the eight polygenic scores ranged from 552 to 10,004 which suggests that 

they were not weak instruments.  The number of SNPs included in each polygenic score, the 

variance explained by the score and the corresponding effect estimates from the 2SLS regression 

are shown in Table 4.2. We detected no evidence for a causal effect of SUA, eGFRcre, or 

eGFRcys on performance on the verbal-numeric reasoning or reaction-time tasks (all p-values 

≥0.13).  There was no apparent effect of ACR on verbal-numeric reasoning score, however 

increased ACR as predicted by the 293-snp score was significantly associated with slower 

reaction-time scores (β (95% confidence interval [CI])) for 1 SD logACR=4.93 (1.60 to 8.26), 

p=0.004). The association was slightly weaker using the 76-snp score (β (95%CI) =4.82 (0.95 to 

8.68), p=0.01). 

Sensitivity analysis 

 We found similar null associations between SUA, eGFRcre, and eGFRcys with cognitive 

function when 2SLS analyses was stratified by sex or age. ACR was not associated with verbal-
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numerical reasoning in MR analysis. Associations between genetically increased ACR and 

slower reaction time were significant in men and women (β (95% CI)=5.69 (0.42 to 10.96), 

p=0.03 and 4.27 (0.06 to 8.48), p=0.048, respectively). The association between ACR and 

reaction time was slightly stronger in individuals younger than 58 years compared to those who 

were older (β (95% CI)=6.02 (1.37 to 10.67), p=0.01 vs 4.46 (0.05 to 8.87) p=0.047, 

respectively). The results of 2SLS, IVW, MREgger and weighted median regressions for the 

association between the 293-SNP ACR polygenic score and reaction time are shown in Figure 

4.2.  Genetically increased ACR estimated using the unweighted polygenic score was 

significantly associated with slower reaction time scores (β (95% CI)= 5.84 (2.08 to 8.30), 

p=0.001). The results of the analyses that control for pleiotropy (MREgger and weighted median 

regression) were directionally consistent with that of the main analysis, but not statistically 

significant. However, the precision of the estimates was much lower for these methods as they 

demand high statistical power. The MREgger regression did not indicate the presence of 

directional pleiotropy (β (95% CI) for intercept=0.01 (-0.73 to 0.95, p=0.79).  

 

DISCUSSION 

 In this study, we used MR analyses to investigate the potential causal associations of four 

markers of kidney function and cognitive ability in a large population-based cohort of European 

descent. Genetically increased ACR was associated with reaction time, a measure of processing 

speed. Our study did not provide evidence to support a causal effect of genetically determined 

serum uric acid, eGFRcre or eGFRcys levels on cognitive performance despite the associations 

observed in observational studies [2,3,14,16]. 

 In a recent two-sample MR using summary GWAS data, Efstathiadou et al. found no 

association between genetically increased SUA and global cognitive function in participants of 
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the UKBB and the Cognitive Genomics (COGENT) consortium (n= 110,347) [42].  We found a 

similar null association in a one-sample setting which is not affected by heterogeneity between 

the populations used to obtain the SNP-exposure and SNP-outcome association statistics. 

Furthermore, we extend these results to a test of reaction time. This conflicts with past studies 

that found lower levels of SUA in Alzheimer’s disease cases versus controls [15,43]. However, 

the results of this study along with those of prospective studies that found an inverse association 

between SUA and cognitive performance [13,44] suggest that it is unlikely that increasing SUA 

would benefit cognition. It is important to note that the 2SLS regression assumes a linear 

relationship between the exposure of interest and the outcome and therefore may not capture 

threshold effects. We therefore could not fully characterize the potential effects of the 

hyperuricemic state on cognitive ability.  

 To our knowledge, this is the first study to examine the association between eGFR and 

cognitive ability using the MR approach. Our finding of a null association between genetically 

determined eGFR and cognitive performance is consistent with a recent meta-analysis of 

observational studies by Deckers et al. that showed no significant differences in cognitive 

impairment according to eGFRcre [2]. The authors attributed this result to substantial study 

heterogeneity which could reflect differential distributions or treatment of confounding factors 

between populations. Taken together, the results of this study and that of Deckers et al. suggest 

that past significant associations between eGFRcre and cognitive function may have been 

affected by residual confounding. However, because eGFR often has a nonlinear association with 

outcomes, we may have not been able to detect any threshold effects. Future MR studies should 

consider using genetic instruments for binary CKD traits. 



 

111 

 In contrast with observational studies that support a positive association between 

eGFRcys and cognitive performance [9,45], genetically determined eGFRcys did not predict 

cognitive ability in this study. A large proportion (85%) of the total variance in eGFRcys that 

was explained by the polygenic score is attributable to one SNP (rs1158167) which is found near 

the cystatin-C precursor gene family (CST3, CST4, CST9) and explains 2.7% of the variance of 

serum cystatin-C in the UKBB. It is likely that this SNP reflects cystatin-C expression rather 

than renal filtration. Although this suggests cystatin-C concentrations do not causally affect 

cognition, a better understanding of the genetic underpinnings of eGFRcys independent of 

cystatin-C expression may be necessary to draw further conclusions. 

 Our finding that genetically determined ACR was associated with reaction time is 

consistent with prior observational studies [9,46,47]. While the mechanism for this association is 

not known, it may be mediated through increased blood pressure and cardiovascular risk. Using 

bidirectional MR, Haas et al. suggested that high blood pressure contributes to albuminuria 

which in turn leads to further increased blood pressure in a feed-forward loop [48]. Cognition 

may also be affected due to the consequences of kidney damage including anemia, 

hyperparathyroidism, acidosis, hyperhomocysteinemia, inflammation, and exposure to uremic 

toxins accumulation [49].  The ACR polygenic score was constructed using weights from GWAS 

that included UKBB participants. This can exacerbate weak instrument bias which can 

overestimate the exposure-outcome association in one-sample MR studies [50]. However, we 

also found a significant positive association with reaction time when an unweighted polygenic 

score was used.  MREgger and median-weighted estimates were directionally consistent with 

2SLS and IVW estimates but overlapped with the null. However,  the MREgger intercept was 

not signitficantly different from zero suggesting a lack of directional pleiotropy.  
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Strengths and limitations 

 Key strengths of this study were the large sample size and access to individual level data 

for one-sample MR allowing for stratification by sex and age group. In addition, this avoids the 

problem of sample heterogeneity that affects two-sample MR.  In addition, the extensive 

biochemistry measurements of the UKBB data allowed for the investigation of multiple 

measures of kidney function. Some limitations of our study should also be noted. First, due to the 

UKBB sample overlap in the discovery dataset, the weights used in the albuminuria polygenic 

score may have biased our results.  To address this, we replicated associations using an 

unweighted score.  Nonetheless, these results should be interpreted cautiously but do provide 

motivation for replication in other large independent cohorts. Furthermore, our analysis may not 

be able to detect nonlinear associations. Future studies should consider using polygenic scores 

for binary kidney function traits in this context. Though, results from adequately powered 

GWAS will be required. Our analysis was restricted to participants of European ancestry, so our 

results may not be generalizable to other ethnic groups. The cognitive tests in the UKBB were 

developed to be administered on a large scale and without supervision and may therefore not be 

highly sensitive to cognitive differences. However, the tests used showed substantial correlation 

with previously validated tests in an independent sample of individuals (56).  

 

CONCLUSIONS 

 In conclusion, our MR analyses do not support a causal effect of SUA, eGFRcre or 

eGFRcys on cognitive function. A polygenic score for ACR was associated with reaction time, a 

measure of processing speed, but replication in independent cohorts is needed.  
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Table 4.1. Characteristics of the study population overall and according to sex: the UK Biobank 

 All Participants Female Male 
 n=357,590 n=192,758 n=164,832 

Age (years) 56.69 (8.01) 56.50 (7.91) 56.92 (8.11) 

Smoking status    

Current 36,597 (10.2) 16,887 (8.8) 19,710 (12.0) 

Never 193,763 (54.2) 113,333 (58.8) 80,430 (48.8) 

Past 127,230 (35.6) 62,538 (32.4) 64,692 (39.2) 
Some university 
education 

203,071 (56.8) 105,513 (54.7) 97,558 (59.2) 

Alcohol drinking status    

Current 334,718 (93.6) 177,812 (92.2) 156,906 (95.2) 

Never 10,818 (3.0) 8,114 (4.2) 2,704 (1.6) 

Past 12,054 (3.4) 6,832 (3.5) 5,222 (3.2) 
Body mass index 
(kg/m2) 

27.34 (4.74) 26.94 (5.11) 27.80 (4.21) 

LDL-c (mmol/L) 3.57 (0.87) 3.64 (0.87) 3.49 (0.86) 

Triglycerides (mmol/L) 1.75 (1.02) 1.55 (0.85) 1.98 (1.14) 

Hypertension 197,182 (55.1) 93,304 (48.4) 103,878 (63.0) 

Type II diabetes 17,430 (4.9) 63,35 (3.3) 11,095 (6.7) 

Coronary artery disease 12,626 (3.5) 2,698 (1.4) 9,928 (6.0) 

History of stroke 5,744 (1.6) 2,369 (1.2) 3,375 (2.0) 

Heart failure 996 (0.3) 249 (0.1) 747 (0.5) 
Cholesterol-lowering 
medication 

59,942 (16.8) 23,189 (12.0) 36,753 (22.3) 

Antihypertensive 
medication 

71,933 (20.1) 32,404 (16.8) 39,529 (24.0) 

ACR (mg/mmol)  1.11 (1.17) 1.37 (1.33) 0.86 (0.85) 

SUA (mg/dl) 5.20 (1.35) 4.54 (1.10) 5.96 (1.20) 

GFRcre (ml/min) 90.67 (13.09) 90.80 (13.10) 90.52 (13.08) 

GFRcys (ml/min) 88.35 (15.93) 88.72 (15.70) 87.91 (16.20) 
Verbal-numeric 
reasoning score 

6.18 (2.11) 6.07 (2.03) 6.32 (2.18) 

Reaction time (ms) 555.18 (113.12) 563.19 (113.53) 545.82 (111.92) 
Abbreviations: ACR, albumin-to-creatinine ratio; eGFRcre, creatinine-based estimated glomerular filtration rate; eGFRcys, 
cystatin C-based estimated glomerular filtration rate; SUA, serum uric acid; ACR shown as median (IQR). Other values 
shown as n (%) for categorical variables and mean (SD) for continuous variablesAll characteristics are significantly 
different by sex except eGFRcre (p-value=0.53) 
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Table 4.2. Results from two-stage least squares MR analyses for the association of kidney function biomarkers 
with cognitive performance 

 

Abbreviations: ACR, albumin-to-creatinine ratio; CI, confidence interval; eGFRcre, creatinine-based estimated 
glomerular filtration rate; eGFRcys, cystatin C-based estimated glomerular filtration rate; SUA, serum uric acid 
1 SD logACR = 0.74 log(mg/g) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exposure P-value 
cutoff 

No. of 
SNPs 

Variance 
explained 

Verbal-numeric reasoning Reaction time (ms) 

    β 95%CI p-value β 95%CI p-value 

SUA (mg/dl) 1x10-5 693 5.9% -0.02 -0.06 to 0.02 0.26 0.39 -0.72 to 1.51 0.48 

SUA (mg/dl) 5x10-8 297 5.4% -0.03 -0.07 to 0.01 0.13 0.24 -0.91 to 1.39 0.68 

eGFRcre (10ml/min) 1x10-5 1120 4.5% 0.02 -0.02 to 0.06 0.25 -0.65 -1.94 to 0.64 0.31 

eGFRcre (10ml/min) 5x10-8 453 4.0% 0.03 -0.01 to 0.07 0.15 -0.58 -1.95 to 0.79 0.40 

eGFRcys (10ml/min) 1x10-5 16 3.4% 0.007 -0.01 to 0.24 0.72 -0.47 -1.68 to 0.74 0.43 

eGFRcys (10ml/min) 5x10-8 4 3.0% 0.006 -0.01 to 0.25 0.77 -0.21 -1.87 to 1.45 0.79 

Log ACR (1 SD) 1x10-5 293 1.1% -0.03 -0.17 to 0.12 0.72 4.93 1.56 to 8.30 0.004 

Log ACR (1 SD) 5x10-8 76 0.6% -0.03 -0.17 to 0.11 0.69 4.82 0.92 to 8.72 0.01 
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Figure 4.1. Mendelian randomization estimates for the effect of 1-standard deviation (SD) increase in 
genetically determined logACR on reaction time (ms). 
CI, confidence interval; Con-Mix: IVW, inverse-variance weighted; 
2SLS, Two-stage least-squares 
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CHAPTER 5: DISCUSSION 
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 The prevalence of both chronic kidney disease (CKD) and dementia is increasing 

globally [1], and both are associated with an increased economic and societal burden [2,3]. Prior 

studies suggest that kidney dysfunction is a risk indicator of cognitive decline [4,5], however 

studies with extended follow-up and multiple markers of kidney function are lacking. Moreover, 

the extent to which these associations are modified by genetics has received little attention. In 

addition, whether these associations are potentially causal remains unclear.  This dissertation 

addressed these knowledge gaps using three related yet distinct approaches as summarized 

below.   

 

 In chapter 2, we leveraged data from 1,634 older community-dwelling adults (mean 

age=71.7 years) with up to 24 years of cognitive follow-up to assess associations between three 

measures of kidney function and performance on a battery of cognitive tests. We found marked 

sex differences in the associations between albuminuria and hyperuricemia with cognitive 

decline. After adjusting for multiple demographic, lifestyle and health related factors, 

albuminuria was associated with steeper annual declines in global cognitive function (MMSE, 

β=-0.10, p = .003), executive function (Trails B, β=3.87, p < .0001) and episodic memory 

(Buschke total recall, β=-0.63, p = .02) scores in men. When a data-driven approach was used to 

identify groups of individuals with similar ACR patterns over time, we found a similar result. 

That is, men in the higher ACR trajectory group had greater cognitive decline compared to those 

in the lower ACR trajectory group.  The rate of cognitive decline did not differ by hyperuricemia 

status, however men with hyperuricemia had lower baseline MMSE (β=-0.70, p = .009) 

compared to men with lower uric acid levels. In contrast, we found only null associations 

between albuminuria or hyperuricemia status and cognitive function in women. Creatinine-based 
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GFR (eGFRcre) <60ml/min was not associated with cognitive performance in men or women. 

Interestingly, the association between hyperuricemia and MMSE was attenuated after 

participants with a history of stoke were excluded suggesting a possible role of cerebrovascular 

disease in the causal pathway. 

 In the second study (chapter 3) which included cross-sectional data from up to 341,208 

participants of the UK Biobank , albuminuria was associated with worse performance on tasks of 

verbal-numeric reasoning (β=-0.09, p<0.001), reaction time (β=7.06, p<0.001) and visual 

memory (β=0.013, p=0.01. Results were similar when propensity-score matched analyses were 

used as alternative approach to control for confounding. The association between albuminuria 

and reaction time was modified by a polygenic score for global cognitive function, such that 

slower reaction times were observed in those with a lower polygenic score (p<0.001). 

Participants with eGFR<60ml/min had lower verbal-numeric reasoning scores and slower mean 

reaction times compared to those with higher eGFR, and observed associations were stronger 

when eGFR was calculated using cystatin-C rather than creatinine.  

 

 In chapter 4 a Mendelian randomization (MR) approach was used to estimate the effects 

of kidney function markers on cognitive performance using data from the UK Biobank.  

There was no evidence of a causal effect of SUA, eGFRcre or eGFRcys on performance on the 

verbal-numeric reasoning or reaction time tests. Likewise, there was no apparent effect of 

genetically-determined ACR on verbal-numeric reasoning score, however increased ACR as 

predicted by a 293-snp score was significantly associated with slower reaction-time scores (β 

(95% confidence interval [CI])) for 1 SD logACR=4.93 (1.60 to 8.26), p=0.004). The association 

was slightly attenuated but remained significant using a score with only 76 SNPs. In sensitivity 



 

126 

analyses, which adjusted for pleiotropy, estimates were directionally consistent with the main 

analysis but were not significant. 

 

 This dissertation expands upon the current knowledge of the association between kidney 

function and cognitive ability by revealing potential sex-differences across multiple domains 

when cognitive function was measured repeatedly over an extended follow-up period. 

Furthermore, we demonstrated for the first time that higher ACR trajectories estimated using a 

data-driven approach were associated with subsequent cognitive decline in men. Using UKBB 

data, we found that albuminuria was also predictive of cognitive performance and that this 

association was modified by a polygenic score for cognitive function. In addition, we provide 

evidence that eGFRcys may have a more robust association with cognitive function than 

eGFRcre. Our MR results support prior two-sample MR studies that did not find a causal 

association between SUA and cognitive function or Alzheimer’s disease [6,7] and suggest for the 

first time that albuminuria may be causally associated with cognitive performance. 

 In RBS participants, the association between albuminuria and cognitive decline was 

significant only in men. However, we did not detect significant sex differences in the association 

between albuminuria and cognitive performance in the UKBB cohort.  There are several notable 

distinctions in both the study design and study populations that may explain this difference. First, 

the RBS had a much smaller sample size than UKBB, therefore small effect sizes in women may 

not have been detected. Second RBS participants were older on average than the UKBB cohort 

and sex differences may become more evident with age. Finally, associations in UKBB were 

cross-sectional while those in the RBS study were prospective reflecting cognitive decline over 

time. Interestingly, among UKBB participants, stronger associations between albuminuria and 
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reaction time were observed in men compared to women (8.75 (6.62 to 10.89) in men vs 5.32 

(2.79 to 7.85) in women). However, this difference did not reach statistical significance (p for 

interaction=0.29). Follow-up studies within the UKBB could confirm whether or not sex 

differences emerge as the population ages.   

 The RBS and UKBB cohorts are different in many respects, but each offers distinct 

advantages. The RBS cognitive assessments included validated instruments that were 

administered under supervision and have been shown to be responsive to the effects of aging in 

the RBS cohort [8]. Comparatively, the UKBB cognitive tests were novel, brief and administered 

without supervision which could have made them less sensitive to cognitive differences. 

However, this was likely counterbalanced by the precision granted by the large sample size. It is 

not only notable that we detected a similar association between albuminuria and cognitive 

function in two methodologically diverse study cohorts, but it also demonstrates how the power 

of a study may be influenced both by the quality of the instruments used and the sample size. 

 It is possible that the association between kidney dysfunction and cognitive ability is 

mediated through clinically diagnosed or underlying CVD.  In both the RBS and UKBB, we 

observed some attenuation of the associations between albuminuria or eGFR after controlling for 

cardiovascular disease including stroke. With the exception of the association between 

albuminuria and visual memory, associations remained significant. This suggests that kidney 

dysfunction could confer additional risk of cognitive impairment independently of overt CVD. 

Indeed, nontraditional risk factors such as inflammation, increased oxidative stress, and 

accumulation of uremic toxins such as homocysteine have also been linked to cognitive 

impairment [9,10]. In MR analysis we found a potentially causal role of ACR for cognitive 

ability. It is important to note, however, that this does exclude the possibility mediation by CVD, 
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an example of vertical pleiotropy, which does not violate the basic assumptions of MR [11]. It is 

also likely that kidney and the brain are affected by a common pathophysiology such as 

endothelial dysfunction or transvascular leakage of serum proteins [12] that affect the kidney and 

the brain concurrently but independently. In this way, kidney function biomarkers may serve as a 

marker of biological aging, particularly vascular aging. Investigating the associations between 

markers of kidney function and subclinical measures of cardiovascular disease such as coronary 

artery calcium (CAC) and subclinical measures of cerebrovascular disease including white-

matter hyperintensities may add clarity to this association. It is important to note that it may be 

difficult to distinguish age-related declines in kidney function from progressive CKD. Therefore, 

these results should not be generalized to individuals with more severe CKD. 

 

 Strengths and limitations 

 There were several strengths to this dissertation. Given the extensive phenotyping of both 

the RBS and UKBB studies, we were able to examine multiple kidney function exposures and 

control for many potential confounders. In addition, the study described in chapter 2 which used 

RBS data was one of few studies to include repeated measures of kidney function and compared 

to similar studies, had the longest cognitive follow-up to date. To our knowledge, the study 

outlined in chapter 3 is the first to describe the association between measures of kidney function 

and cognitive ability using UKBB data. Finally, we were able to leverage the genotype and 

phenotype data available in the UKBB dataset to perform one-sample MR which avoids the 

problem of sample heterogeneity that affects two-sample MR. 

  This dissertation had some limitations worth noting. First, it was limited to individuals of 

European ancestry, so results are not generalized to other ethnicities. As Blacks are 
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disproportionately affected by both chronic kidney disease and dementia compared to whites 

[13,14], this is an important racial group to consider for future study. Furthermore, RBS and 

UKBB participants tended to be healthier compared to the general population [15,16]. A key 

limitation of this dissertation was the cross-sectional design of the UKBB study described in 

chapter 3, which makes results vulnerable to reverse-causation (e.g., poor cognitive function led 

to kidney disease diabetes). However, the results of longitudinal analysis in the RBS cohort 

along with those similar prospective studies suggest that poor kidney function precedes cognitive 

decline [17,18].  

 

Future Directions 

 Future studies should aim to characterize the association between kidney function 

biomarkers and cognitive change over time in the UKBB. Between 2009 and 2013, a subset of 

20,112 UKBB participants returned for a repeat assessment, and in 2014, the UKBB began an 

imaging study in which 100,000 participants were asked to complete the baseline assessment 

again and undergo brain, heart and abdominal scanning [19]. Interim data for ~40,000 

participants is available at this time. The addition of the interim data will allow for the 

investigation of cognitive change over an extended time period and may be powered to detect 

gene by environment interaction.  

 This dissertation focused on the results of psychometric tests rather than clinical 

outcomes, i.e. dementia, Alzheimer’s disease.  While examining subtle cognitive changes even in 

midlife could provide opportunities for early detection for preventative interventions, it is also 

important to know if the lower cognitive test performance associated with kidney dysfunction 

translates to increased downstream risk of clinical dementia.  In the RBS these hard outcomes 
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could be approximated by comparison of MMSE scores to population-specific norms with 

additional capture of Alzheimer’s disease cases through death certificates. Due to the bespoke 

nature of the majority of the UKBB cognitive tests, such an approach would be questionable for 

UKBB. It should be noted, however, that a study using inpatient data by Calvin et al. showed 

that cognitive tests included in this dissertation were predictive of incident dementia and 

Alzheimer’s disease 3-8 years later [17]. As of March 2020, 0.5% and 0.2% of the UKBB cohort 

had at least one inpatient visit related to dementia and Alzheimer’s disease, respectively. With 

full integration of primary care data, case detection will increase as will the actual prevalence of 

these “hard outcomes” as the cohort ages.Although the positive predictive value for dementia  

has been estimated to be adequate using UKBB data [20], the sensitivity to detect dementia cases 

remains uknown.  Individuals who are less likely to seek medical care or those who have more 

limited access to care may be less likely to be diagnosed with dementia. Prospective studies of 

these outcomes will become more feasible in the UKBB as a result.  Large cohort studies such as 

the Million Veterans Program (MVP) will also offer opportunities to study the interplay between 

kidney function, genetic variation and clinical outcomes [22]. 

 GWAS of complex traits such as eGFR and albuminuria typically need a very large 

sample size to yield significant associations, and a relatively large number of SNPs may be 

necessary to explain even a small proportion of the variance in some complex traits.  For 

example, in chapter 4 a 293 SNP polygenic score explained just 1.1% of the variation in ACR. 

Ideally, the GWAS discovery population and the population that the polygenic score is applied to 

would be independent, but this is not always possible as there are currently few studies at the 

UKBB scale. Methods to overcome the problem of overfitting by using internal weights are 

currently in development but not yet widely implemented [22]. Future studies should explore 
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such approaches to leverage large sample sizes and produce better performing polygenic scores 

for both MR and gene by environment analyses. 

 In chapter 4, the polygenic score for eGFRcys was largely driven by one SNP that was 

proximal to the cystatin C precursor gene family, so may have reflected cystatin C production 

rather than renal filtration. As an alternative approach to creating a polygenic score that more 

directly reflects kidney function, investigators could consider including only SNPs that are 

associated with both eGFRcre and eGFRcys thereby excluding variants that may reflect only 

creatinine or cystatin C expression.  

 Although the precise mechanisms explaining these associations is unclear, this 

dissertation underscores the importance of monitoring markers of kidney function, particularly 

albuminuria and eGFRcys as we age. The relationship between these markers and cognitive 

function is apparent even before clinical symptoms of CKD or CVD may manifest. As such, 

kidney function markers may be a potentially useful tool for cognitive impairment risk 

stratification. This work should provide added motivation for more aggressive treatment through 

targeted hypertension control, as well as smoking cessation and dietary modification. 
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