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Abstract 

Title of Dissertation: Relationship between kidney function and cognitive decline 

and moderating effects of race and SES 

Ruowei Yang, Doctor of Philosophy, 2022 

Dissertation Directed By: Ann L. Gruber-Baldini, Ph.D., Professor, Department of 

Epidemiology and Public Health 

 

There is limited research as to whether pre-clinical chronic kidney disease (CKD) 

measured by a combination of kidney function markers such as the estimated 

glomerular filtration rate (eGFR), albuminuria, and Cystatin-C have an impact on 

cognition. Understanding kidney function decline as a potential early marker for 

cognitive decline has important public health implications given the high societal 

burden of clinically diagnosed kidney disease and cognitive disorders.  

The Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) 

study wave 1 and 3 datasets were used for this analysis. HANDLS Wave 1 data were 

collected from year 2004 to 2009, and wave 3 from year 2009 to 2013. In Aim 1, 

mixed effects models with interaction terms were constructed to examine the effects 

of time-varying eGFR on several cognitive outcomes. A backward elimination 

method was used to trim the models of non-significant four-way interactions of 

eGFR*Age*Race*Poverty and all lower-order interactions. In Aim 2, mixed effects 

models with interaction terms similar to those used in Aim 1 were constructed to 

examine the effects of baseline eGFR, urine albumin and Cystatin-C on the same set 

of cognitive outcomes. All significant interactions were examined by interaction plots 

for racial and SES subgroups.  



 

The analytical cohorts included 1,206 participants for aim 1 and 638 participants for 

aim 2 at baseline. The main hypothesis that African Americans living below poverty 

would have the worst impact of lower kidney function on cognition was not 

supported. Over about 5 years, eGFR over time was associated with decline in verbal 

learning and memory among Whites below poverty. In addition, the associations 

between baseline kidney function markers and cognitive decline were highly 

equivocal. Higher baseline Cystatin-C were found to be associated with cognitive 

decline in attention, and this association was no longer significant after adjusting for 

cardiovascular factors and inflammation. It is possible that kidney function is broadly 

related to performance in the domains of attention, working memory and executive 

function. These findings suggest that functional changes in the kidney precedes 

cognitive decline among Whites, especially those living below poverty.  
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Chapter 1: Introduction 

 
Kidney function declines with age, and risks for chronic kidney disease 

(CKD) and end-stage renal disease (ESRD) increase along the individual aging 

process 1,2. CKD is of rising public health concern as the population ages. Cognitive 

function also declines with age, with increased risk for cognitive disorders such as 

cognitive impairment and dementia. Age-related cognitive decline is attributable to a 

multitude of risk factors, including systemic diseases such as CKD and their 

biomedical risk factors. There is limited research as to whether pre-clinical CKD 

measured by a combination of kidney function markers such as eGFR, albuminuria, 

and Cystatin-C have an impact on cognition. Understanding kidney function decline 

as a potential early marker for cognitive decline has important public health 

implications given the high societal burden of clinically diagnosed kidney disease and 

cognitive disorders.  

In recent years, there is growing evidence suggesting an association between 

different levels of kidney function (with or without CKD) and cognition in the 

middle-aged and older populations 3-12. It is also evident that both kidney function and 

cognition vary based on demographic factors of race and socioeconomic status (SES) 

13-17. Social inequalities associated with lower SES and racial minorities might 

influence the relations between kidney function and cognition. Therefore, these 

sociodemographic characteristics may moderate the relation of kidney function to 

cognitive decline. However, there are a number of gaps in the literature regarding the 

association between kidney function and cognition, including: 

• How is kidney function change related to changes in specific cognitive 

subdomains? 
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• How do baseline kidney function indicated by multiple markers (e.g. 

Cystatin-C, urine albumin and eGFR) predict subsequent cognitive 

decline? 

• What are the potential moderating effects of race and SES on these 

associations? 

The current study addresses these gaps by investigating effect modification of 

race and SES on the association between a full spectrum of kidney function regardless 

of CKD (indicated by commonly used kidney biomarkers of eGFR, urine albumin and 

Cystatin-C) and cognitive decline, adjusting for age and sex. Specifically, two sets of 

models examine longitudinal association between eGFR and cognition, and the 

association between baseline kidney function markers (eGFR, urine albumin and 

Cystatin-C) and cognition to explore the effects of multiple kidney biomarkers on 

multiple cognitive domains.  

This study also examines whether significant associations withstand 

adjustments for health behaviors and negative affect, cardiovascular comorbidities, 

and inflammation. These factors were used in previous studies as covariates 4,7,18,19, 

and the association between kidney function and cognition remained robust after 

adjustment in those studies. However, in other studies the association attenuated after 

adjustment of similar factors 20-22. The degree of attenuation differed across these 

studies and few studies adopted sequential adjustment. However, sequential 

adjustment would shed light on the contribution of each separate set of factors to this 

association. Specifically, sequential adjustment would reveal which factors confound 

this relationship and to what extent.  

This study uses data from the Healthy Aging in Neighborhoods of Diversity 

across the Life Span (HANDLS) study 23. The HANDLS dataset is particularly 
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suitable for the proposed analyses of this study. First, HANDLS is suitable for 

exploring racial and SES differences in the association between kidney function and 

cognition. By design, it includes a nearly equal number of African Americans and 

whites, and participants of poverty and non-poverty status. Previous studies used 

samples that are predominantly white, relatively affluent and well educated. Second, 

HANDLS provides two waves of data (wave 1 and wave 3) with consistent cognitive 

measures covering several domains. In addition, given the large sample size and 

stratified structure, HANDLS data can be used to explore the potential interactive 

effects of race and SES on cognitive trajectory. 

 

Literature Review 

 

Definition and Epidemiology of CKD 
 

The National Kidney Foundation–Kidney Disease Outcomes Quality Initiative 

(NKF-KDOQI) guideline for evaluation, classification, and stratification of CKD 

defines the progression of CKD in five stages of increasing severity: Stage 1: Kidney 

damage with normal or higher GFR (≥ 90 ml/min/1.73m2); Stage 2: Kidney damage 

with mildly reduced GFR (60-89 ml/min/1.73m2); Stage 3: Moderately reduced GFR 

(30-59 ml/min/1.73m2); Stage 4: Severely reduced GFR (15-29 ml/min/1.73m2); 

Stage 5: Kidney failure (GFR < 15 ml/min/1.73m2 or dialysis) 24.  One study found 

that the prevalence of CKD (all stages) in the U.S. was at a high 28.2% and the 

estimate almost doubled for older adults, which was 51% for those over 70 years old 

25. Indeed, age was found to be the strongest factor associated with CKD, while 

significant comorbidities of hypertension, diabetes and cardiovascular diseases 

combined contribute to only about one third in effect size as compared to age 26. The 

prevalence of the more advanced stages (stage 3 and 4) was lower than the general 



 

4  

prevalence across the age spectrum, but was still much higher among older adults 

than younger groups (6.9% for all age groups, 21.7% for 65 - 79 year olds, and 51.1% 

for those > 80 years) 27.  

CKD is associated with significant mortality, morbidity, as well as social and 

financial costs. Similar to other chronic conditions, CKD is often present with 

comorbidities such as cardiovascular diseases, hypertension, diabetes and anemia 28,29. 

CKD is also associated with a high risk of all-cause mortality 30, and the most 

common cause of death for CKD patients is cardiovascular disease 31. Quality of life 

for patients with CKD is reduced even in the early stages, and progressively decreases 

particularly related to physical functioning 32. The burden for medications is high 

especially among older CKD patients, with about half of them taking 5 or more 

medications 33,34.  The average spending for CKD patients was more than $17,000 per 

individual and the annual total cost of the disease was $10.7 billion in the U.S 35. 

CKD is a “silent epidemic”, as its treatment and prevention are often delayed 

because the early stages are without symptoms and therefore remain to be under-

detected and under-diagnosed 36.  This is evidenced by a low awareness of CKD in 

the general population. It was found that self-reported CKD in the National Health 

and Nutrition Examination Survey (NHANES) and Behavioral Risk Factor 

Surveillance System (BRFSS) surveys was around 2.8%, much lower than the 

estimated prevalence 26.  

To understand how aging contributes to an increasing prevalence of CKD, the 

next section discusses the physiological changes occurring in the aging kidney. 

 

Structural and Functional Changes in the Aging Kidney 
 

The aging kidney undergoes several structural and functional changes; 
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however, whether the decline is a manifestation of the normal aging process or age-

related pathological changes is still of much debate.   

Renal mass decreases mostly in the cortex, and is coupled with a decrease in 

the number and morphological changes of the glomeruli 37,38.  There is an initial rise 

in the volume of medulla, due to tubules that undergo hypertrophy in compensation of 

atrophy of nephrons in the cortex 39. However, the compensation is only temporary 

and total kidney volume decreases after 50 years of age 40. In terms of changes in the 

tubules, the proportion of nephrons with tubular diverticuli and subsequently simple 

cysts also increases with aging 41,42.   

Glomerular filtration is the first step in urine formation. It is a passive process 

of filtering waste products from the blood into the glomerular capillaries. The volume 

of filtrate formed by kidneys per minute is termed glomerular filtration rate (GFR).  

Assessment of GFR is commonly used as a global test of kidney function and is 

important both in clinical management and public health research. Because GFR 

varies by body size, it is conventionally reported based on an average body surface 

area of 1.73 m2 and its unit is expressed as ml/min/1.73 m2. GFR also varies by age, 

gender, protein intake, antihypertensive agents, and presence of CKD 24. A GFR less 

than 60 ml/min/1.73 m2 for three months or more is a benchmark for CKD. GFR 

remains stable at approximately 140 ml/min/1.73 m2 until about the fourth decade of 

life 43. GFR decreases significantly with age, although there are wide individual 

variabilities 44.  Similarly, a reduction of renal blood flow occurs with age, and is 

most marked in the renal cortex 45. Due to age-related changes in cardiovascular and 

renal hemodynamics such as reduced cardiac output, systemic hypertension and 

reduced levels of nitric oxide in the renal cortex, there is a progressive decline of 

perfusion and filtration in the kidney 46,47.  Other functional changes include changes 
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in tubular reabsorption and secretion, urinary concentration and dilution, and 

production of kidney-derived hormones and biomolecules 48.  

The incidence of glomerular sclerosis increases with advancing age 49. The 

number of aglomerular arterioles, the afferent and efferent arterioles that are 

connected directly to each other, also increases because of glomerular loss 50.  Other 

forms of structural changes such as tubular atrophy, interstitial fibrosis and 

fibrointimal thickening also contribute to the increased rate of global nephrosclerosis 

48.  Oxidative stress associated with aging was hypothesized to give rise to 

glomerulosclerosis, atherosclerosis and hypertension through endothelial dysfunction 

and abnormal activities of vasoactive mediators 51. In addition, an increase in 

glomerular basement membrane permeability and depletion of podocytes contribute to 

increased excretion of proteins such as albumin 52,53. Epidemiological studies also 

confirmed that prevalence of microalbuminuria increases starting from 40 years of 

age, even among individuals free of diabetes or hypertension 54.  

The endocrine functions of the kidneys are altered due to increasing age. For 

example, aging kidneys display a reduced conversion of 25-hydroxyvitamin D to 

1,25- dihydroxyvitamin D, and this might negatively affect bone health and contribute 

to increased rates of fractures and falls 55.  Insulin clearance is also lower, and might 

result in increased peripheral resistance to insulin in older adults 56. 

There are a number of existing measures for age-related changes of kidney 

function, and these are reviewed in the next section.  

 

Biomarkers of Kidney Function 

eGFR 

The gold standard methods to obtain GFR are based on exogenous markers. 
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Among them the most ideal marker is inulin, because it has a stable production rate 

and is free of effects from pathological changes and interference from tubular 

function. Other exogenous markers include the isotopically labeled compounds of 125 

iodine (I)-iothalamate, 51-Chromium (Cr)-labeled ethylenediaminetetraacetic acid 

(51CrEDTA), Technetium-99m diethylenetriaminepentaacetic acid (99mTc-DTPA) 

and Technetium-99m (99mTc) mercaptoacetyltriglycine 57. However, these methods 

are labor-intensive and time-consuming, therefore are not suitable for rapid 

assessment needed for large-scale clinical research. Methods that use endogenous 

filtration markers are more convenient. Estimating equations for GFR are regression 

equations that use plasma levels of endogenous filtration markers and demographic 

variables as observed surrogates of unobserved non-GFR determinants 58. The most 

used equations are based on either serum creatinine (SCr) or cystatin-C (CysC).  

 

eGFR Estimating Equations Based on SCr 

Creatinine is a small-weight degradation product of creatine in the muscle. 

When GFR is decreased, the contribution of tubular creatinine excretion increases and 

this results in an overestimate of GFR in more impaired patients 59.  Estimating 

equations based on SCr requires stable kidney function, and need to account for 

dietary protein intake, changes in muscle mass, and variations in non-GFR 

determinants of generation, tubular secretion, tubular reabsorption and extra-renal 

elimination 60.   

 

1. The Modification of Diet in Renal Disease (MDRD) equation: 

The MDRD equation was developed in 1,628 mostly white, non-diabetic CKD 

patients with poor renal function (GFR from 13 to 55 ml/min/1.73m2) 61. The original 
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equation included 6 variables (age, female, black, SCr, serum urea nitrogen 

concentration and urine urea nitrogen concentration) and was later adapted into the 

following 4-variable equation 62: 

 

GFR = 175 × standardized Scr -1.154  × age -0.203 × 1.212 (if black) × 0.742 (if female) 

 

Although the MDRD equation provides accurate estimates for CKD patients, 

it underestimates GFR in healthy persons 63.   

 

2. The CKD Epidemiology Collaboration (CKD-EPI) Equation: 

Since the MDRD equation systematically underestimates measured GFR at 

high levels, the CKD-EPI equation was developed as a new equation based on SCr to 

be at least as accurate as the MDRD equation at GFR less than 60 ml/min/1.73 m2 and 

more accurate at higher GFR levels 64. The equation was originally developed from a 

sample of 8,254 individuals and validated in a sample of 3,896. The expression for the 

single CKD-EPI equation is: 

 

GFR = 141 × min(Scr/κ, 1)α × max(Scr/κ, 1)-1.209 × 0.993Age × 1.018 (if female)  × 

1.159 (if black) 

Scr: serum creatinine; κ: 0.7 for females and 0.9 for males; α: -0.329 for females and -0.411 for males; 

min: minimum of Scr/κ or 1; max: maximum of Scr/κ or 1. 

 

The CKD-EPI equation was shown to be performing as well as the MDRD 

equation in individuals with eGFR less than 60 ml/min/1.73 m2 and substantially 

more accurate in individuals with eGFR more than 60 ml/min/1.73 m2. The results 
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were robust across subgroups defined by age, sex, race, diabetes, transplant status, 

and body mass index (BMI) 65. In addition, the CKD-EPI equation resulted in a lower 

estimated prevalence of CKD compared to the MDRD equation [11.5 (95% CI: 10.6, 

12.4) vs. 13.1 (95% CI: 12.1, 14.0) %] 64.  

 

eGFR Estimating Equations Based on CysC and the Combination of CysC and SCr 

CysC is a non-glycosylated low-weight protein produced by all nucleated cells 

at a constant rate, and is freely metabolized in the tubules and therefore not subject to 

tubular secretion 66. However, CysC is also influenced by non-GFR factors such as 

age, sex, ethnicity, education, blood lipids, weight, height, cigarette smoking and CRP 

levels 67,68.  A previous meta-analysis suggested that CysC is superior to SCr in 

calculating eGFR based on analyses of both the ROC-plot AUC and correlation 

coefficients with the reference standard 69. Another meta-analysis suggested that 

combining CysC and SCr enhances the prediction of outcomes such as ESRD, 

cardiovascular-related mortality as well as all-cause mortality 70.  In older adults, it 

has been shown that CysC has stronger associations than SCr with mortality, 

cardiovascular disease and CKD; CysC also captures a preclinical state of kidney 

dysfunction that is not detected by SCr 71,72.  This could be explained by the fact that 

CysC is not influenced by changes in muscle mass, thus is a more accurate marker for 

older adults who are susceptible to muscle loss 71.  

Because SCr based estimating equations suffer from imprecision issues due to 

non-GFR determinants of SCr (especially in populations susceptible to muscle loss 

and malnutrition), which could lead to overdiagnosis of CKD, recently a few CysC 

based or equations based on both CysC and SCr were developed 73-75.  Inker et.al. 73 

developed estimating equations based on CysC alone and CysC in combination with 
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SCr in 5,352 individuals and validated in 1,119 individuals. The authors found that 

the equations based on both CysC and SCr (The CKD-EPI creatinine–cystatin C 

equation) performed better than those based on CysC or SCr alone in terms of 

precision, accuracy and classification.  

The CKD-EPI cystatin C equation single format expression is: 

 

GFR = 133 × min(Scys/0.8, 1) -0.499  × max(Scys/0.8, 1) –1.328 × 0.996Age × 0.932 (if 

female) 

Scys: serum cystatin C; min: the minimum of Scys/0.8 or 1; max: the maximum of Scys/0.8 or 1.  

 

The CKD-EPI creatinine–cystatin C equation single format expression is: 

 

GFR = 135 × min(Scr/κ, 1)α × max(Scr/κ, 1)-0.601 × min(Scys/0.8, 1) -0.375  × 

max(Scys/0.8, 1) –0.711 × 0.995Age × 0.969 (if female)  × 1.08 (if black) 

Scr: serum creatinine; Scys: serum cystatin C; κ:  0.7 for females and 0.9 for males; α: −0.248 for 

females and −0.207 for males; min: the minimum of Scr/κ or 1; max: the maximum of Scr/κ or 1.  

 

Clinically, equations using CysC can be used as a confirmatory test for eGFR 

when SCr based equations are expected to be not accurate enough for certain patients.  

 

Comparison of Different Estimating Equations of GFR 

There are a few metrics to assess performance of estimating equations. Bias is 

defined as the median difference between measured and estimated GFR. Bias is 

generally due to differences between the development and validation datasets, assays 

for filtration markers, or the relations of surrogates to the non-GFR determinants of 
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the filtration marker 60.  Estimating equations developed based on diverse populations 

generally have lower bias. Precision is how repeatable or reproducible the 

measurement is (commonly assessed by the interquartile range: IQR of the 

difference). Imprecision is attributable to variations in non-GFR determinants and 

measurement error of GFR and is generally more pronounced at higher GFR levels 60.  

Accuracy is a metric that takes into account of both bias and precision. Accuracy can 

be assessed by root-mean-square error as well as the percentage of eGFR within 30% 

of measured GFR (P30) or beyond 30% (1 – P30).  

Multiple studies have compared the performance of the MDRD and CKD-EPI 

equations. A systematic review found that the CKD-EPI equation performed better in 

terms of accuracy and bias than the MDRD equation, especially in higher GFR levels, 

however neither equation is optimal for application in diverse populations 76.  In 

addition, the CKD-EPI equation categorizes better than the MDRD equation by 

reclassifying low-risk individuals thus providing a lower prevalence estimate of CKD 

77,78.  Therefore, generally the CKD-EPI equation is the preferred method over the 

MDRD equation, with less false-positives of CKD, better classification and more 

precise risk prediction 79.  

In principle, estimating equations based on a single filtration marker (either 

SCr or CysC) are more likely to be imprecise, while equations based on more than 

one marker tend to reduce effects of non-GFR determinants. This is consistent with 

the findings from Inker et.al. that the equation based on both SCr and CysC had 

significantly higher precision than using either marker alone (IQR of difference 13.4 

vs. 15.4 and 16.4 ml/min/1.73 m2, P = 0.001 and P < 0.001) 73 .  Previous studies 

reported that the new CKD-EPI CysC-SCr equation performed well in diverse 

populations 79.  A study comparing the combined equation with 4 other equations 
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found that the combined equation had best accuracy and less bias especially in young 

participants with normal or mildly lowered GFR, but its accuracy was still not ideal 

for elderly populations 80.  Although it is more ideal to use the combined equation, in 

this study the CKD-EPI equation based on SCr is used because of the lack of data on 

CysC in the full study sample.  

 

Albuminuria 

Although a variety of proteins are present in the urine, normal kidneys do not 

allow large amounts of proteins such as the serum protein, albumin, to pass through 

the glomerular capillary wall. Albumin excretion is affected by time of the day, body 

size, upright posture, pregnancy, exercise, and activation of the renin-angiotensin 

system 81. Albuminuria, the presence of albumin in the urine, is a marker for kidney 

damage. Accurate assessment of albumin excretion requires a timed urine test and is 

inconvenient; therefore, albuminuria is often assessed by a “spot” urine test using a 

“dipstick”. Kidney damage usually precedes alterations in function; so albuminuria is 

usually detected before a decrease in GFR. Therefore, albuminuria is useful as an 

early sign to facilitate timely diagnosis and intervention. Albuminuria can be assessed 

either by the albumin excretion rate (AER) in 24 hour urine collections or albumin-

creatinine ratio (ACR). The cut-off for microalbuminuria is an AER of 30 – 300 mg/ 

24 h, or an ACR of  > 30mg/g, and higher levels indicate macroalbuminuria. 

Microalbuminuria has clinical implications for cardiovascular death, all cause 

mortality, progression of kidney disease, ESRD, acute kidney injury and kidney 

failure both among high-risk and low-risk populations for CKD 79.  

A study showed that combining eGFR and albuminuria (indicated by ACR) 

significantly improved the prediction of ESRD and there was a large synergistic effect 



 

13 

between the two markers in terms of hazard ratios 82. The association of eGFR with 

mortality risk was reported to differ by ACR categories 83. Specifically, decreased 

eGFR was found to be associated with increased mortality risk among those with high 

normal (10 - < 30mg/g) and high ACR (30-300 mg/g), but not among those with 

normal (< 10 mg/g) or very high ACR ( > 300 mg/g).  Another study also suggested 

that combining multiple markers of SCr, CysC and ACR improved risk classification 

for all-cause mortality and cardiovascular and kidney outcomes 84. In this study, 

multiple markers (SCr based eGFR, CysC and albuminuria) and their effects on 

cognitive outcomes are examined.  

 

Cognitive Aging 

The normal aging process is coupled with an increase in diseases associated 

with chronological age. Theories of biological aging postulated that the concept of 

aging can be divided into primary aging, the innate maturational process, and 

secondary aging, aging due to environment and disease 85.  Distinguishing secondary 

aging factors from normal aging variables can help us understand which risk factors 

are modifiable in order to design interventional studies.  

Cognitive aging patterns can be assessed in terms of fluid intelligence and 

crystalized intelligence 86. Fluid intelligence denotes the innate ability to process and 

learn new skills and solve problems independent of prior learning experiences, while 

crystallized intelligence indicates skills, knowledge and ability that are learnt, 

practiced, stabilized and accumulated over time 87,88. Fluid cognitive domains include 

executive function, processing speed, memory and psychomotor ability, while 

crystalized abilities include vocabulary and general knowledge 86.  

Classical cognitive aging studies have found that certain cognitive domains 



 

14 

are more affected by the normal aging process than others. Specifically, it has been 

suggested that primary aging is associated mostly with a decline in perceptual speed, 

as well as in reasoning, problem solving and abstraction (the fluid domains) 89.  

Vocabulary, on the other hand, is not susceptible to aging and even improves with an 

increasing age. In addition, like any other aspect of the aging process, there is 

significant variability in cognitive aging. Perceptual reasoning and processing speed 

are the domains that demonstrate the most heterogeneity of performance in older 

adults 90.  

Studies have found that inter-individual variability of cognitive aging is 

associated with lifestyle factors, such as engaging in certain physical, social and 

cognitive activities 91, as well as other factors such as systemic diseases and their 

biomedical risk factors.  One theory that explains how certain activities affect 

cognitive outcomes is the cognitive reserve hypothesis. It was based on repeated 

observations that some individuals are able to compensate more for the age-related 

changes or pathology in the brain than others and maintain cognitive function 92. It 

explains how educational and occupational attainments as well as engagement in 

leisure activities provide reserve to withstand the negative cognitive effects of brain 

pathology 93.  

 

Processing Speed  

Processing speed is the speed in which mental activities or related-motor tasks 

are performed. Processing speed reduces with increasing age starting from about 30 

years old 86. Since a slowed performance can have a negative impact across many 

neuropsychological tests, decline of processing speed affects multiple cognitive 

domains.  
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Attention 

Attention is the ability to concentrate on specific cognitive stimuli.   

Selective attention refers to the ability to focus on the specific stimuli relevant 

to the current task while ignoring other irrelevant stimuli. Older adults are slower in 

their response to selective attention targets, but are not more affected by distraction 

than young adults 94. Therefore, the decreased ability in selective attention seems to 

be a manifestation of slowed information processing speed.  

For divided attention (performing two or more tasks at the same time), there is 

generally age-related decline, especially in complex tasks when the attentional 

demands of the two tasks are high.  Specifically, older adults are less capable of 

allocating limited resources optimally when performing two competing tasks 95.   

 

Memory 

There is general consensus that working memory (temporary retention of 

information for processing) declines with age. However, the mechanism of this 

decline is poorly understood. It might be influenced by reduction in attentional 

resources, processing speed or inhibitory control 96-98.  

Long-term memory decline is a common complaint among older adults and is 

an early indicator of cognitive disorders such as mild cognitive impairment (MCI) and 

dementia.  Explicit memory (declarative) is comprised of semantic memory, 

recollection of general knowledge accumulated across the lifespan, and episodic 

memory, recollection of personal experiences that occurred at a specific time or place. 

Episodic and semantic memory display differential aging patterns, that decline of 

episodic memory functioning is linear across the lifespan, while decline of semantic 

memory is more pronounced in old age 99.  Implicit (nondeclarative) memory is 
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memory unconsciously acquired and retained. Procedural memory is a type of 

implicit memory that involves performing motor activities. Implicit memory remains 

intact throughout the lifespan 100.  

With regard to different stages of memory processing, initial encoding and 

memory retrieval declines with age, while the ability to retain information is 

preserved in late life 101-103.   

 

Perception 

Sensory and perceptual deficits in older adults affect their performance in 

cognitive assessment. Perceptual function is reduced in older adults; however this can 

be largely accounted for by sensory deficits such as hearing and vision loss 104. It is 

possible that perception and cognition are an integrated system of informational 

processing. Because of limited attentional resources, when parts of the system are 

stressed, other parts would be compromised 105. Another explanation is that 

deteriorations of both perceptual and cognitive functions are attributable to common 

neural degeneration 104.   

 

Language 

In the domains of language, while the crystalized aspect of vocabulary 

remains intact or even improves, fluid aspects such as verbal fluency and 

confrontation naming declines with aging 106,107.  For example, older adults often have 

more extensive vocabularies and can offer more elaborative narratives. The 

deterioration in language capabilities seems to be a consequence of deficits in 

working memory and processing speed, rather than decline of language abilities per 

se 100. Older adults are also skilled at using compensatory methods such as using 
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context for interpretation when experiencing hearing loss and providing alternative 

descriptions when having difficulty finding words.  

 

Visuospatial Function  

Visuospatial function refers to the abilities to understand, identify, and 

mentally manipulate spatial relationships. Within this domain, visual construction 

skills decline over time while visuospatial abilities remain stable 108.  

 

Executive Functioning  

Executive functioning refers to a set of cognitive processes that involve self-

regulation, control, planning and problem solving to facilitate achieving certain 

chosen goals. Mental flexibility decreases in older adults, and this was demonstrated 

by research on performance of switching tasks 109,110.  In addition, the ability to inhibit 

a habituated response in mental tasks is also decreased in older adults 111.  Reasoning 

with unfamiliar material, and inductive reasoning (the ability to identify patterns and 

to infer rules) are also diminished in old age 86,106.  Other types of executive function 

such as reasoning about familiar material, and the ability to identify similarities 

remain intact throughout life 86.   

 

Although cognitive aging manifests in various domains, we still have limited 

understanding of how the changes described above are due to primary or secondary 

aging. There has been an increasing body of literature assessing the relations of 

systemic disease and their risk factors on age-related cognitive decline. For example, 

vascular risk factors such as diabetes and hypertension contribute to both Alzheimer’s 

disease (AD) and reduced cognitive performance before onset of AD 112. In addition, 
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an increasing number of studies also examined how diagnosed or preclinical CKD 

would affect cognitive decline, which are reviewed in the next section.  

 

Association between CKD and Cognitive Decline 
 

Epidemiological studies have suggested an increased risk of cognitive 

impairment and dementia at all stages of CKD 113 and the gradation of cognitive 

decline is directly associated with CKD severity 114. The prevalence of cognitive 

impairment and clinical dementia is the most pronounced in ESRD patients 115, and 

the factors that might predispose them to cognitive impairment include increased risks 

for stroke and carotid atherosclerosis 116,117. Cognitive impairment of CKD patients 

affect their compliance in treatment and disease management, and is often associated 

with negative clinical outcomes such as higher chances of cerebrovascular disease, 

extended hospital stay and increased risk of death 118. It has been a consistent clinical 

observation that hemodialysis, peritoneal dialysis and kidney transplantation improve 

cognitive impairment in CKD patients 119-121.  

In addition to studies focused on clinical cohorts, a number of studies 

examined how a wide range of kidney function affects cognitive performance in the 

general population. These are reviewed in the next section. 

 

Association between Kidney Function and Cognitive Decline in the General 
Population 
 

Cross-sectional Studies 

eGFR and Global Cognition  

 
There is a significant cross-sectional association between eGFR and cognition. 

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



 

19 

found a significant association between both CKD and a full spectrum of eGFR with 

cognitive impairment 18. Specifically, CKD was associated with increased prevalence 

of cognitive impairment (odds ratio OR: 1.23, 95% CI: 1.06 – 1.43); for each 10 

ml/min/1.73 m2 decrease in eGFR less than 60 ml/min/1.73 m2, the OR was 1.11 

(95% CI: 1.04 to 1.19) 18.  The REGARDS sample, aged 65 years on average, was 

stratified by race and sex (half white half AA, half men half women), and 

oversampled in the stroke belt in the U.S. Results remained robust after adjusting for 

demographic and cardiovascular factors. No significant interactions with race were 

found for these findings.  

 

eGFR and Cognitive Subdomains 

 
Results from the sixth wave of the Maine-Syracuse Longitudinal Study 

(MSLS) indicated that significantly higher odds of poor performance were associated 

with eGFR < 60 ml/min/1.73m2 for composite scores of global cognitive function, 

visual spatial organization or memory, and scanning and tracking 20. No significant 

associations were found for verbal memory, working memory and abstract reasoning. 

Compared with patients with diabetes mellitus, the OR associated with low eGFR for 

global cognitive function was considerably higher (2.27, 95% CI: 1.47 - 3.52 vs. 1.60, 

95% CI: 1.02 - 2.51). The MSLS is a non-institutionalized sample of adults with an 

average age of over 60 years. The association was modestly attenuated after adjusting 

sequentially for demographics, cardiovascular risk factors and stroke. 

Findings from NHANES III (aged 20 – 59 years) suggested that there was an 

association between moderate CKD (eGFR 30 – 59 ml/min/1.73m2) and poor 

performance in the Symbol Digit Substitution Test (SDST, measuring coding ability 

and visual attention) and Serial Digit Learning Test (SDLT, measuring learning recall 



 

20 

and concentration), but not in Simple Reaction Time (measuring visual-motor speed 

or response time) 21. The ORs were 2.74 (95% CI: 1.01-7.40, p=0.05) for SDST and 

2.41 (95% CI: 1.30-5.63, p=0.04) for SDLT, respectively. This NHANES III sample 

included the half in the entire sample that aged 20 to 59 years with cognitive testing 

results. Adjusting sequentially for demographics and clinical and inflammatory 

variables attenuated the associations.  

A study using data from the Heart Estrogen/Progestin Replacement Study 

(HERS, N = 1,015 women, mean age: 65.2 – 69.5 years, with coronary artery disease 

and received either estrogen therapy or placebo) found that the risk of cognitive 

impairment increased about 15% to 25 % for each 10 ml/min/1.73m2 decrease in 

eGFR 122. Specifically, results were significant for the Trail Making Test B (TMT-B), 

Boston Naming Test, and Word List Memory and Recall in association with either 

continuous eGFR or CKD category (eGFR < 30 ml/min/1.73m2 vs. eGFR  ≥ 60 

ml/min/1.73m2), but no significant results were found for verbal fluency. Results were 

attenuated after adjusting sequentially for sociodemographic and health variables. 

Data from the Korean Longitudinal Study for Health and Aging (KLoSHA, 

mean age > 70 years) suggested that eGFR was significantly associated with the 

perseverative responses and perseverative errors in the 64-card version of the 

Wisconsin Card Sorting, a well-established measure of executive function 123. In fully 

adjusted models, ORs for having moderate to severe CKD (< 45 ml/min/1.73m2) for 

perseverative responses and perseverative errors were 4.82 (95% CI: 2.14 - 10.85, p < 

0.001) and 5.01 (95% CI: 2.22 – 11.28, p < 0.001). There were no significant findings 

for other tests such as Trails Making Test A and B (TMT- A and B), Digit Span Test 

(DST), or tests of memory, visuospatial function, and language abilities. Results 

remained robust after adjusting sequentially for demographics, smoking history, 
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erythrocyte sedimentation rate, hemoglobin, and modified Hachinski ischemic score.  

Findings from the Obu Study of Health Promotion for the Elderly (OSHPE, 

mean age > 70 years) in Japan indicated that compared with individuals in the highest 

eGFR group (≥ 60 ml/min/1.73m2), individuals in the lowest eGFR group (< 45 

ml/min/1.73m2) had poorer performance on TMT-A and SDST (OR: 2.347, 95% CI: 

1.525-3.614 and OR: 2.308, 95% CI: 1.486-3.585, respectively) 9. However, no 

significant associations were found for other tests such as MMSE, Story Memory, 

Word Recognition, TMT-B and figure selection. Specifically, associations attenuated 

for word recognition and MMSE after adjusting sequentially for cardiovascular risk 

factors, walking speed, grip strength, and 5CS score. Results remained robust for 

TMT-A and SDST after adjustment.  

A study based on an older sample of NHANES 1999 – 2002 (age ≥ 65 years) 

using structural equation modeling found that CKD was positively associated with the 

factor of atherosclerosis (ATH, B = 0.26, p < 0.001), while ATH was also negatively 

associated with the factor of cognitive and physical function (B = −0.24,a p < 0.001), 

suggesting the role of atherosclerosis in the pathway from renal impairment to 

disturbance in both physical and cognitive functions among older adults 124. The 

cognitive function test used in NHANES was the digit symbol subtest (DSST), a test 

of visuospatial and motor processing speed (indicator of frontal lobe executive 

functions).  

Findings from the Medical Research Council National Survey of Health 

Development (NSHD, age 60 – 64 years) birth cohort in the UK suggested that there 

was a weak association between eGFR and simple and choice reaction time, but not in 

verbal memory or letter search 22. Specifically, these associations were partially 
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attenuated but not fully explained by socioeconomic factors, smoking, diabetes, 

hypertension, inflammation and obesity. 

Among a sample of community-dwelling older Chinese men (aged 79.4 

years), eGFR was found to have predicted 3.2% variance of the Cognitive Abilities 

Screening Instrument data and was positively associated with the orientation, drawing 

and list-generating fluency components (indicator of executive function) 125.  Results 

remained robust after controlling for demographics and key physical and laboratory 

markers. 

Findings from the Einstein Aging Study (EAS, aged 79.8 years) suggested that 

compared with participants with an eGFR ≥ 60 ml/min/1.73m2 , participants with an 

eGFR < 45 ml/min/1.73m2 or an eGFR of 45–60 ml/min/1.73m2 scored lower on tests 

loaded in the executive function factor (indicated by TMT A-B, Digit Symbol and 

Block Design tests, p = 0.000, d = 0.32 and p = 0.023, d = 0.22, respectively) 126. For 

every ml increase of eGFR, the executive function composite increased by 0.10 SD (p 

< 0.05). Results remained robust even after sequentially controlling for demographics 

and hypertension. There were no associations found for the general ability (Wechsler 

Adult Intelligence Scale Third Edition: WAIS – III vocabulary, information and Digit 

Span, Controlled Oral Word Fluency Test, the BNT, and Wechsler Memory Scale- 

Revised: WMS-R Logical Memory I) and episodic memory (The Free and Cued 

Selective Reminding Test: FCSRT free recall and total recall, category fluency) 

composites.  

In summary, cross-sectional studies mostly focused on older adults (at least 60 

years of age) and demonstrated that a decreased eGFR was consistently associated 

with lower levels of performance on tests of concentration, visuospatial abilities, and 

executive function, but not in memory or language abilities. Adjusting for 
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demographic, cardiovascular, lifestyle factors and inflammation attenuated but did not 

fully eliminate the associations. No study examined effect modification by race or 

SES.  

 

Albuminuria and Cognition 

 
The Cardiovascular Health Cognition Study (CHCS, aged > 65 years) reported 

that albuminuria was significantly associated with dementia (OR: 1.13, 95% CI: 1.04 

to 1.23) 3. Among subtypes, albuminuria was significantly associated with vascular 

dementia but not Alzheimer’s disease, suggesting the influence of albuminuria via 

vascular means. Adjusting sequentially for demographics, cardiovascular diseases and 

lipid risk factors and ApoE 4 phenotype attenuated the associations.  

In an NHANES 1999 – 2002 sample (> 60 years), it was found that 

microalbuminuria (ACR of 17–250 mg/g in men and 25–350 mg/g in women) was 

associated with cognition among individuals with peripheral artery disease (PAD, β = 

-5.4, 95% CI:  -8.9,  -2.0; p < 0.01), but not among individuals without PAD 19.  

Results remained robust after adjusting sequentially for demographics, cardiovascular 

and lipid risk factors, and inflammation (CRP).  

From the Nutrition, Aging, and Memory in Elders Study (NAME, aged 73.4 

years), an association was found between the executive function composite 

(specifically for DSST and TMT-B), but not memory function, and ACR 127. In 

addition, doubling of urine ACR was significantly associated with white matter 

hyperintensities (WMH) (OR: 1.15; 95% CI: 1.02 – 1.29). Adjusting sequentially for 

demographics and cardiovascular factors slightly attenuated the associations.  

In summary, cross-sectional studies provided evidence that albuminuria exerts 

its influence through vascular mechanisms, and is related to abnormalities in the 
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brain. The studies focused on older adults only and the associations were slightly 

attenuated but not fully explained by demographic, cardiovascular and lipid risk 

factors and inflammation. There was not sufficient information regarding specific 

cognitive domains affected by albuminuria, although it seems that brain abnormalities 

found in individuals with albuminuria are closely related to executive function 

deficits.   

 

eGFR, Albuminuria and Cognition 

 
The third survey of the Prevention of Renal and Vascular End-Stage Disease 

(PREVEND) (age 28 – 75 years) reported that cognition measured by the Ruff Figural 

Fluency Test (RFFT, assessing executive function) was associated with albuminuria 

(urine albumin excretion: UAE in categories: < 10, 10 to 29, and ≥ 30 mg/24 h) but 

not eGFR (categories: < 60, 60 to 89, and ≥ 90 ml/min/1.73 m2) 7. In addition, the 

association between elevated albuminuria (UAE ≥ 30 mg/24 h) and cognition was 

significant only for the younger group (34 – 48 years, B = - 5.3; 95% CI: -10.4 to -

0.1; p = 0.048), equivalent to a difference of 7 years in age. For changes in 

albuminuria, compared with those with stable albuminuria before cognitive 

assessment, groups with increasing albuminuria had significantly lower cognitive 

scores in the youngest tertile as well. Results remained robust after adjusting for 

classes of albuminuria, eGFR, demographics, cardiovascular and lipid risk factors, 

and health behaviors.  

Findings from the Maastricht Study in the Netherlands (aged 40 - 75 years) 

suggested that UAE ≥ 30 mg/24 h was associated with overall cognitive performance 

(b = - 0.110; 95% CI:  -0.217 to -0.002) and information processing speed (b = -

0.148; 95% CI, -0.263 to -0.033), but not in domains of memory function or executive 

function 10. There were no significant associations found between cognition and 
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eGFR, or UAE as a continuous variable. Demographic variables and glucose 

metabolism attenuated most of the associations either in eGFR or UAE, with almost 

no change after further adjustment of cardiovascular and lipid risk factors, and 

depression.  

In summary, cross-sectional studies that investigated eGFR and albuminuria 

concurrently focused on a wide range of age groups and found a significant 

association between albuminuria indicated by categories of UAE (but not eGFR) with 

general cognition, with inconsistent findings for specific domains. Results remained 

robust after adjustment for demographic, cardiovascular and lipid risk factors, and 

health behaviors and depression.  

 

Multiple Kidney Function Markers and Cognition 

 
The Tanushimaru Study in Japan (community-dwelling older adults with mean 

age 65.8) found that both Cystatin-C and albuminuria were significantly associated 

with MMSE scores, after adjusting for age and sex 128. There were no significant 

associations found for eGFR, or blood urea nitrogen (BUN), creatinine and uric acid.  

A study based on an older sample from NHANES 1999 – 2002 (age ≥ 60 

years) found that both Cystatin-C and albumin levels were significantly associated 

with cognitive impairment (defined by DSST score < 31) 11. Similarly, there were no 

significant findings for SCr, BUN or serum uric acid. Results remained robust after 

adjusting for demographics, activity and health behaviors. 

In summary, in older adults, albuminuria and Cystatin-C were associated with 

general cognition and executive function, but not SCr or SCr-based eGFR. 

Associations remained after adjustment for demographics, activity and health 

behaviors.  



 

26 

Baseline Kidney Function in Prediction of Cognitive Change 

SCr and Incident Dementia 

 
Findings from the CHCS (aged 65 years or older) suggested that both decrease 

in renal function (indicated by 0.5 increase in 1/SCr) and moderate renal impairment 

(elevated SCr ≥ 1.3mg/dl for females or ≥ 1.5 mg/dl for males) were associated with 

incident dementia over 6 years of follow-up. In addition, among participants with 

good to excellent health status (but not among participants with poor to fair health 

status), there were significant associations between decreased renal function (increase 

in 1/SCr) and moderate renal impairment (elevated SCr) with both dementia and 

vascular dementia 129.  Associations remained after adjustment for demographics, 

cardiovascular risk factors and ApoE genotype.  

 

eGFR and Cognitive Decline 

 
From the Health, Aging, and Body Composition (Health ABC, aged > 70 

years) Study, a gradient relationship was found between baseline eGFR and global 

cognition over 4 years of follow-up 8. Specifically, compared with those with an 

eGFR ≥ 60 ml/min/1.73 m2, both individuals with an eGFR 45 - 59 ml/min/1.73 m2 

and those with an eGFR < 45 ml/min/1.73 m2 had elevated odds of cognitive decline 

(OR: 1.32; 95% CI: 1.03 – 1.69; OR: 2.43; 95% CI: 1.38 – 4.29, respectively). 

Associations remained robust after adjusting for different combinations of 

demographics, cardiovascular and lipid factors and inflammation.  

Data from an oldest-old Chinese population (aged > 80 years) with 

hypertension suggested that compared with participants with an eGFR ≥ 60 

ml/min/1.73 m2, participants with an eGFR of 30-59 ml/min/1.73 m2 had an elevated 

risk of cognitive decline (defined by a reliable change index: RCI of 1.645 of changes 
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of MMSE score; RR: 4.03; 95% CI: 1.09 – 14.90), with a mean follow-up time of 3.3 

years 130. Results remained robust after adjusting sequentially for demographics and 

then healthy behavior, and cardiovascular risk factors.  

In the Intervention Project on Cerebrovascular Diseases and Dementia in the 

Community of Ebersberg (INVADE, aged over 60 years), a significant association 

was found between moderate-to-severe CKD (Ccr < 45 ml/min/1.73 m2) and incident 

cognitive impairment (score > 7 on the 6-Item Cognitive Impairment Test: 6CIT) over 

2 years of follow-up (OR: 2.14; 95% CI: 1.18 – 3.87; p = 0.012) 131. Associations 

were slightly attenuated after adjusting sequentially for demographics, depression, 

physical activity, healthy behaviors and cardiovascular risk factors. Age and sex 

attenuated most of the unadjusted associations.  

Findings from the Singapore Longitudinal Aging Study (SLAS, aged over 60 

years) indicated that both CKD (eGFR < 60 ml/min/1.73 m2) and incremental change 

of eGFR (every 10 ml/min/1.73 m2 decrease) were associated with cognitive decline 

(decrease of MMSE score  ≥ 2, determined by RCI) (OR = 1.94, 95% CI: 1.23–3.05 

and OR = 1.14, 95% CI: 1.01–1.28, respectively) over 4 years of follow-up 5. 

Adjusting sequentially for demographics, time since baseline, baseline MMSE score, 

cardiovascular risk factors, depression, activity and health behaviors slightly 

attenuated the associations.  

From the Northern Manhattan Study (NOMAS, aged 71.5 years), significant 

associations with a dose-response pattern were found between kidney function 

markers (SCr, CCl from the GC formula, and eGFR using MDRD) and global 

cognitive function scores (measured by the Modified Telephone Interview for 

Cognitive Status: TICS-m) over 2.9 years of follow-up 132. Results remained robust 

after adjusting sequentially for demographics, cardiovascular risk factors, and health 
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behaviors.  

From a community-dwelling Chinese sample (aged 40 years or more), 

compared with those with an eGFR ≥ 60 ml/min/1.73 m2, participants with an eGFR 

of 30-59 ml/min/1.73 m2 had elevated odds of cognitive decline (decrease of MMSE 

score  ≥ 2, determined by RCI) (OR: 2.73; 95% CI: 1.00–7.56) over 4 years of follow-

up 133. The association was not significant among those with an eGFR of 60 – 89 

ml/min/1.73 m2 or using eGFR as a continuous variable. Adjustment for 

demographics attenuated the associations, with little change after further adjustment 

of cardiovascular factors.  

In summary, in middle aged and older adults, decreased baseline eGFR was 

associated with global cognitive decline (measured by global cognitive screening tests 

such as MMSE, 6CIT and TICS-m) over time, and there is a potential dose-response 

relationship. Results remained robust or were slightly attenuated after adjusting for 

demographics, cardiovascular risk factors, depression, activity, health behaviors and 

inflammation. 

 

eGFR and Decline in Cognitive Subdomains 

 
In the Cardiovascular Health Study (CHS, aged over 70 years), baseline eGFR 

was significantly associated with longitudinal changes of cognition measured by both 

the Modified Mini-Mental State (3MS) Examination and DSST over 6 years of 

follow-up 134. Specifically, compared with participants with an eGFR ≥ 90 

ml/min/1.73 m2, those with an eGFR < 60 ml/min/1.73 m2 had a faster decline of 0.64 

per year (95% CI: 0.51 – 0.77) in 3MS score and 0.42 per year (95% CI: 0.28 – 0.56) 

on DSST. Results attenuated slightly after adjusting sequentially for different 

combinations of demographics, cardiovascular factors, health behavior, inflammation, 

depression and ApoE genotype.  
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Data from the Rush Memory and Aging Project (aged 80.6 years) found that 

baseline eGFR was significantly associated with changes in episodic memory, 

semantic memory, working memory, but not perceptual speed or visuospatial abilities 

over an average follow-up time of 3.4 years 4. However, for the previous two studies, 

no cross-sectional associations were found at baseline. Results remained robust after 

adjusting sequentially for demographics and physical activity, vascular risk factors, 

and depression and their interactions with time. 

Findings from the Osteoporotic Fractures in Men Study (MrOS, all men aged 

65 or older) suggested that there was an association between eGFR and TMT-B 

performance at baseline; but no associations were found between incident impairment 

in global cognition or TMT-B scores among older men over 4.6 years of follow-up 

135. Results attenuated after sequential adjustment for demographics and health, 

activity, health behaviors, and cardiovascular risk factors.  

In summary, studies focused on older adults were inconsistent in their findings 

for baseline eGFR predicting decline in specific cognitive domains. Specifically, the 

CHS and Rush studies contradicted each other on their findings in visuospatial 

abilities. Results were attenuated after adjustment for physical activity, health 

behaviors, inflammation, vascular risk factors, and depression.  

 

eGFR, Albuminuria and Cognitive Decline 

 
Data from the Rancho Bernardo Study (aged 51 to 98 years) suggested that 

albuminuria, but not lower eGFR was associated with greater annual decline in 

performance in MMSE and category fluency in men but not women over 6.6 years of 

follow-up 6. There were no significant associations between albuminuria and TMT-B 

performance, or baseline albuminuria and baseline cognition. Results remained robust 
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after adjusting sequentially for baseline age, cardiovascular risk factors, education, 

health behaviors and depression. 

In the Nurses’ Health Study (aged 70 years or over), a significant association 

was found between ACR ≥ 5 mg/g (vs. ACR < 5mg/g) and all cognitive measures 

(TICS, verbal memory, verbal fluency and global cognition) in older women over up 

to 6 years of follow-up 136. Specifically, cognitive decline associated with a higher 

ACR was equivalent to 2 to 7 years of aging; no significant associations were found 

for eGFR. Results remained robust after adjusting for age, cardiovascular risk factors, 

and health behaviors. 

From the REGARDS study (45 years or older), elevated UACR was found to 

be significantly associated with incident cognitive impairment (defined by a score ≤ 4 

on the 6-item screener) over 3.8 years of follow-up 137. Specifically, individuals with 

UACRs of 30-299 mg/g and ≥ 300 mg/g compared with UACR < 10 mg/g had 

elevated odds for incident cognitive impairment (OR: 1.31; 95% CI: 1.12-1.55 and 

OR: 1.57; 95% CI: 1.15-2.14, respectively); eGFR was not associated with incidence 

cognitive impairment. In analyses stratified by eGFR, UACR  ≥ 30 (vs < 30) mg/g 

was associated with higher ORs for incident cognitive impairment in groups with a 

higher eGFR (60-90 and ≥ 90 ml/min/1.73 m2) but not in groups with low eGFR; In 

analyses stratified by UACR, eGFR < 60 (vs  ≥ 60) ml/min/1.73 m2 was associated 

with higher odds for incident cognitive impairment in individuals with UACR < 10 

mg/g (OR, 1.30; 95% CI, 1.02-1.66). The findings from stratified analyses suggested 

that when eGFR was preserved, lower ACR was associated with incident cognitive 

impairment; while when ACR was low (< 10 mg/g), a low eGFR was associated with 

incident cognitive impairment.  Results remained robust after adjusting for 

demographics, cardiovascular risk factors, smoking and eGFR categories. No 
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significant interactions with race were found for the study results.  

In summary, studies that examined both baseline eGFR and albuminuria 

focused on middle-aged and older adults, and found a significant association between 

albuminuria but not eGFR with cognitive decline. In addition, it seems that there was 

a complementary, rather than an additive relationship, between eGFR and 

albuminuria. Results remained robust after adjusting for demographics, 

cardiovascular risk factors, health behaviors and depression. 

 

Cystatin-C and Cognitive Decline 

 
The Health ABC study (aged 70-79 years) reported that intermediate and high 

Cystatin-C levels (1.0-1.25 mg/L and > 1.25 mg/L vs ≤ 1.0 mg/L) were significantly 

associated with greater decline on both 3MS and DSST performance over 7 years of 

follow-up 12. In addition, those in the group of highest Cystatin-C had significantly 

elevated odds of incident cognitive impairment (defined by a decline of ≥ 1.0SD on 

cognitive tests; OR=1.92; 95% CI: 1.37-2.69 for 3MS and OR=1.54; 95% CI: 1.10-

1.25 for DSST, respectively).  Results remained robust after adjusting for 

demographics, inflammation and cardiovascular risk factors. No significant 

interactions with race were found for the study findings.  

 

Longitudinal Studies on Changes in Kidney Function and Cognitive Change 

The three-city study from France (aged 65 years or older) reported that a 

change in eGFR was borderline significantly associated with vascular dementia, but 

not with incident dementia, Alzheimer’s dementia or subsequent global cognitive 

decline (measured by changes in MMSE) over 7 years of follow-up 138. Also 
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albuminuria had a borderline significant association with vascular dementia only. In 

addition, baseline eGFR was not associated with cognitive changes. Results remained 

robust after adjusting sequentially for demographics and ApoE genotype, and 

cardiovascular risk factors and health behavior.  

Findings from the sixth and seventh waves of the MSLS (aged 62.1 years) 

reported significant associations between changes in kidney function and changes in 

performance in global cognitive functioning and some subdomains over 5 years of 

follow-up 139. Specifically, a 30-point decline in eGFR was equivalent to 

approximately 7 years difference in age on the decline in the global cognitive 

function. Significant associations were also found between renal function decline and 

changes in verbal episodic memory and abstract reasoning, but not in visual-spatial 

organization and memory, scanning and tracking and working memory. Again, 

baseline renal function was not associated with changes in any cognitive measures. 

Results remained robust after adjusting for demographics, cardiovascular and lipid 

risk factors and health behavior.  

The Baltimore Longitudinal Study of Aging (BLSA, aged 53.9 years) found a 

significant association between change in verbal learning/memory and visual memory 

(measured by the Benton Visual Retention Test BVRT and California Verbal 

Learning Test CVLT) with renal function decline (measured by changes in 1/SCr and 

eGFR) over a mean follow-up time of 7.7 years 140 . No significant association was 

found in naming, executive function, language fluency or psychomotor speed.  

Results remained robust after adjusting for demographics. 

In summary, longitudinal studies focused on older adults found an association 

between kidney function decline and cognitive decline, but it is unclear what 

cognitive domains are the most affected. Results were robust after adjusting for 



 

33 

demographics, cardiovascular and lipid risk factors and health behavior. 

 

Summary of Previous Literature 

Many of the previous studies adopted a cross-sectional design, by which the 

temporal relationship between decreased kidney function and cognitive decline cannot 

be established. Other studies used a one-time measurement of kidney function, while 

cognition was measured two or more times. Repeated measurement of kidney 

function might have strengthened the study findings and provided more accurate 

adjustment of confounders, especially as SCr and albuminuria are subject to day-to-

day variability. Only three studies measured both kidney function and cognition more 

than once. The strongest evidence was provided by the BSLA study 140, which 

reported an association between eGFR decline and cognitive decline (specifically in 

the verbal learning/memory and visual memory domains), since it employed a true 

longitudinal design with biannual follow-up of the sample.  

The type of measures for kidney function and cognition were heterogeneous 

and with different degrees of granularity. eGFR was the most examined kidney 

function biomarker, and it was consistently shown to be associated with cognition 

across different study designs. Furthermore, there is a potential dose-response 

relationship between eGFR decline and cognitive decline. When albuminuria and 

increased levels of Cystatin-C were examined alone, they were found to be associated 

with worse cognition or cognitive decline. There was also some interest on the 

mechanism via which albuminuria influences cognition, especially through vascular 

means such as peripheral artery disease and brain abnormalities (WMH). However, 

when studies examined albuminuria and eGFR concurrently, albuminuria was found 

to be the single risk factor for cognitive decline, while the effects of eGFR were not 
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statistically significant. The two cross-sectional studies that examined multiple kidney 

function markers (including eGFR, albuminuria and Cystatin-C) found that only 

albuminuria and Cystatin-C were significantly associated with cognition, while no 

significant associations were found for other markers such as BUN, SCr, SCr-based 

eGFR or uric acid 11,128.  

For cognitive measures, recently there has been a gradual shift from a focus on 

disease diagnosis (e.g. cognitive impairment, dementia, vascular dementia or 

Alzheimer’s disease) to decreased cognitive performance in the general population. 

Furthermore, a number of studies examined specific cognitive domains in addition to 

global function. Again, many studies with findings for specific subdomains used 

eGFR as the kidney function marker. However, findings have been inconsistent with 

regard to which domains are most affected by decreased eGFR levels. There is some 

sporadic evidence that albuminuria is associated with memory function, and no 

studies examined the different subdomains affected by increased levels of Cystatin-C.  

In terms of study sample, previous studies used samples that were mostly 

white or relatively highly educated. Only three samples had good representation of 

African Americans: REGARDS, Health ABC and NOMAS 8,12,18,132,137. Among them, 

NOMAS also had a high proportion of Hispanics, while about half participants of 

REGARDS and Health ABC were African Americans. Three studies that used the 

Health ABC or REGARDS samples reported no significant interaction between 

kidney function and race. Specifically, these studies examined the cross-sectional 

association between eGFR and global function (REGARDS) 18, albuminuria and 

incident cognitive impairment (REGARDS) 137, and Cystatin-C and cognitive decline 

(Health ABC) 12. Most studies also focused on older adults, with only two studies that 

included participants from younger age groups 7,21. In addition, although most studies 
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focused on relatively healthy populations, some studies still used cohorts with a 

specific disease diagnosis, and a few were subject to bias by attrition.  

 

Contribution of the Current Study 

 Few previous studies examining the association between kidney function and 

cognition adopted a longitudinal design. The current study uses available data from 

two time points for both eGFR and cognition measured by a battery of 

neuropsychological tests. This adds to the findings from the BLSA study regarding 

how kidney function change is related to changes in specific cognitive subdomains.  

 Second, given the findings from previous studies that examined both eGFR 

and albuminuria concurrently, and the cross-sectional studies that examined multiple 

markers, patterns of association with cognitive performance vary for different kidney 

function markers. However, no previous studies examined how baseline kidney 

function indicated by multiple markers (Cystatin-C, albuminuria and eGFR) predict 

subsequent cognitive decline. The current study uses a subsample at baseline with 

data available for Cystatin-C, albuminuria and eGFR and examines the associations 

between these markers and cognitive change.  

 Third, the majority of previous studies used samples that are predominantly 

white and relatively well educated, and few had good representation of African 

Americans. In addition, although many studies adjusted for race and ethnicity, only a 

few studies specifically addressed the potential moderating effects of race and no 

study examined SES. These studies used varied kidney function markers and global 

cognitive measures. None of these found a significant interaction between race and 

kidney function in their models. Most studies also focused on older adults only. While 

the association between kidney function and cognition might be more pronounced in 
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old age, it is also important to examine differences by age to elucidate the aging 

effect. The current study uses data from an urban sample aged 30-64 years old at 

baseline, stratified by age, sex, race and SES with a high follow-up rate between two 

waves, and examines the moderating effects of race and SES.  

 

Potential Moderating Effects of Race and SES 

Race is a social construct that implies a collection of unique experiences of 

certain demographic groups. African Americans experience distinct societal 

difficulties compared to their white counterparts due to a host of historical and 

institutional factors 141. Therefore, race can be used as a proxy to assess the 

experiences of African Americans that contribute to health outcomes such as 

cognitive performance. Kidney problems are especially prevalent in African 

Americans 142. Previous studies also found a markedly worse disease trajectory in 

black CKD patients 143. When comparing the measured GFR by race using the Multi-

Ethnic Study of Atherosclerosis data, no significant difference was found between 

older blacks and whites, suggesting that the higher kidney disease burden in blacks is 

not driven by a higher mean GFR 144.  Another study based on MESA data examined 

racial/ethnic disparities in older adults free of CKD and found significantly higher 

rate of kidney function decline among African Americans, and this discrepancy 

cannot be explained by traditional risk factors (sociodemographics, blood lipids, BMI, 

smoking, CRP and comorbidities such as diabetes and hypertension) and the presence 

of albuminuria 13. Data from the Coronary Artery Risk Development in Young Adults 

(CARDIA) Study suggested that starting as early as age 35, blacks had significantly 

faster rates of kidney function decline, and the point of acceleration of decline started 

much earlier for blacks than whites even after adjustment for sex, exposure to high 
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systolic blood pressure, diabetes, and ACR 145.  Therefore, the racial disparity of 

severe kidney outcomes such as ESRD and kidney failure might be due to a faster 

GFR decline, rather than a lower mean eGFR in blacks.  

This supports the vulnerability hypothesis that while baseline kidney function 

is similar between African Americans and whites, African Americans experience 

distinct social disadvantage, which accelerates decline of kidney function. In addition, 

older black CKD patients seem to have better survival than their white counterparts 

146, despite this disadvantage. Other risk factors for African Americans include 

genetic variations (e.g., the APOL1 gene in African Americans 147), perceived 

discrimination 148, and access to healthcare 149.  

Racial disparities of cognitive function are well demonstrated in the older 

adult population, with older African Americans consistently showing significantly 

worse cognitive performance and more cognitive impairment 17,150-154. This is partly 

attributable to differences in terms of educational quality and literacy 155-161. However, 

the racial differences in the rate of cognitive decline are much weaker 162,163. The 

exact mechanisms driving the racial and ethnic differences in cognitive performance 

are unclear. It is likely to be multifactorial, including differences in a variety of early 

life or life courses disadvantages such as prenatal and childhood malnutrition, less 

educational attainment as well as inferior educational quality, higher incidences of 

hypertension, cardiovascular diseases and metabolic abnormalities, poor health 

behaviors, decline in recreational activities, poverty, discrimination, exposure to 

environmental toxicants, and reduced access to healthcare and social resources 

155,160,164-166. It is also likely that certain cognitive tests are not culturally appropriate 

for African Americans 167.  Again, these factors largely represent the social 

disadvantage and stressors faced by African Americans.  



 

38 

SES is another factor that would represent social disadvantage of certain 

demographic subgroups in terms of health outcomes. Few previous studies examined 

the association between SES and preclinical kidney function decline, although many 

studies on CKD suggested an association between disease prevalence or trajectory 

and SES 14,168,169. Specifically, both individual (e.g., income and education) and area-

associated SES factors (such as household income and value factors, percentage of 

residents with high school or college education, or in executive, managerial or 

professional occupations) are associated with progression of CKD 168. A recent meta-

analysis found that SES is associated with kidney disease outcomes, irrespective of 

the specific definition of SES used in different studies 14. The pooled analysis showed 

that low SES was associated with prevalence of low eGFR (OR = 1.41, 95% CI: 1.21-

1.62), high albuminuria (OR = 1.52, 95% CI: 1.22-1.82), low eGFR as well as high 

albuminuria (OR = 1.38, 95% CI: 1.03-1.74) and incidence of renal failure (OR = 

1.55, 95% CI: 1.40-1.71).  

In addition, SES and race display an interactive effect on kidney outcomes. 

Specifically, SES has been associated with more severe CKD disease outcomes 

among African Americans. For example, based on the HANDLS sample, while 

poverty was associated with greater odds of CKD in general, stratified analyses by 

race found that African Americans living in poverty were at higher odds to develop 

prevalent CKD, but not whites 170. The REGARDS study reported that household 

poverty (but not neighborhood poverty) had similar negative effects on severely 

reduced eGFR in both blacks and whites, and poverty cannot fully explain the racial 

disparities in early stages of CKD 171.  

For cognitive decline, SES exerts its influence mostly through the cumulative 

effects across the lifespan 16,172-175, or its interaction with life style factors 15.  Early 
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life SES factors (e.g. parental education, father’s occupation, childhood financial 

well-being) directly influences late life cognitive outcomes, and this can be mediated 

by adulthood SES (e.g. adult education, employment status, income, health behaviors 

and social support) 173.  It should be noted that the effects of SES and race overlap as 

SES is strongly implicated in cognitive development and disease outcomes in African 

Americans. Findings from the National Survey of Midlife Development in the United 

States suggested that SES factors such as education and income are significant 

mediators of racial differences in cognition across a wide age range 16.   

In summary, it is important to examine whether reduced kidney function 

disproportionally affects cognitive function of African Americans and those of low 

SES. In other words, African Americans and low SES groups might be more 

vulnerable to the association between reduced kidney function and cognition. While it 

is uncertain how SES and race might affect the association between kidney function 

and cognition, there are a few factors that are evident in the SES- and racial 

disparities of both kidney function and cognition; for example, education, health 

behaviors such as smoking, discrimination and access to healthcare. In addition, there 

is complex interplay between race and SES; for example, accounting for SES does not 

fully attenuate the racial differences in CKD outcomes. Because higher proportions of 

African Americans live in poverty or deprived neighborhoods, it is important to 

examine racial disparities in the context of the interactive effects of SES and race on 

the association between kidney function and cognition. This study examines the 

interactions among kidney function, race and SES with cognition as the outcome.  

In addition to the possibility that African Americans are more vulnerable to 

both worsened kidney function and cognition in terms of racial prejudice and 

discrimination, there are a few potential biological mechanisms as to why kidney 
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function might affect cognition differently in African Americans than whites. There is 

no direct evidence with regard to racial differences in a common vascular mechanism 

linking kidney function to cognition. However, previous studies reported racial 

differences in the associations between vascular factors and cognition, and kidney 

disease and vascular factors. First, previous studies have shown that high blood 

pressure affects the cognition of African Americans at a higher magnitude than whites 

176. In addition, in a previous cross-sectional study using HANDLS data, it was found 

that diabetes has a larger impact on low SES African Americans than whites 177.  On 

the other hand, the brain pathology indicator WMH (with vascular origin) was found 

to affect some cognitive domains in older African Americans but not in whites 178. 

These studies imply that vascular abnormalities have a more serious negative impact 

on cognition among African Americans. Second, in patients on dialysis, it was 

suggested that African Americans and whites exhibit different biological pathways, in 

that African Americans are more susceptible to organ-limited forms of kidney 

problems, while at the same time genetic factors protect them from CVD risk factors 

such as atherosclerosis 179.  It is still not known whether this is also true for patients 

with early-stage CKD. This study empirically explores these associations by using 

different kidney markers, as eGFR is a more localized kidney function marker while 

albuminuria has more vascular implications. Although it is not known how vascular 

factors would influence potential racial differences in the associations between kidney 

function and cognition, this study will adjust for common vascular factors separately 

in addition to other potential confounders to examine how they might affect the 

differential patterns of the associations. 

 ` 
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Mechanisms Linking Kidney Function and Cognitive Decline 

The kidney and the brain are both low-resistance end organs exposed to high-

volume blood flow and present hemodynamic similarities in their vascular beds, 

therefore common vascular damage may explain the association between declines in 

kidney function and cognition 180. Previous imaging studies have reported 

cerebrovascular pathology and markers related to small vessel disease in CKD 

patients 181,182.  In addition, white matter hyperintensities and microvascular 

pathology have also been implicated in cognitive decline and dementia, even AD 

dementia 183,184. The exposure of small vessels to highly pulsatile pressure might lead 

to microvascular damage resulting in both cognitive decline and renal insufficiency 

185.  However, some recent studies found that CKD is associated with dementia 

independent of cerebral small-vessel disease, indicating that renal function is an 

independent contributor to AD pathology, and other vascular mechanisms might be at 

play 186,187.   

Common risk factors between cardiovascular disease and cognition are also 

proposed as mediators of relations between kidney function and cognition. CKD 

patients are burdened by an array of coronary heart disease risk factors, such as 

hypertension, diabetes and hyperlipidemia 188. Non-traditional vascular risk factors 

such as hyperhomocystenemia, oxidative stress and inflammation are also associated 

with decreased kidney function 189,190 as well as cognitive decline, cognitive 

impairment and dementia 191-193. These nontraditional vascular risk factors might 

affect cognition by promoting endothelial dysfunction and progress of atherosclerosis 

194,195. Endothelial dysfunction in the brain manifests as defects in the blood-brain 

barrier, increased microinfarcts, lacunar infarcts and white matter lesions, and in the 

kidney by problems with glomerular filtration, secondary protein leakage or 
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proteinuria 196. In addition, CKD is associated with a greater risk of stroke 197, which 

is also a risk factor for cognitive impairment and dementia 198. Direct insult from the 

accumulation of uremic toxins (e.g. uremia, calcium-phosphate) on endothelial 

function is also implicated 199, since dialysis and kidney transplant improve cognitive 

function in ESRD patients. Anemia is another potential mediator between kidney 

function decline and cognitive impairment 200,201.  

There are some unanswered questions about the link between kidney function 

and brain function. First, whether impairments in the kidney and the brain are 

vascular or neurodegenerative in origin, or both, has not been examined. In addition, 

whether damages in the kidney and the brain share a common pathogenesis or 

whether impairments in the kidney occur first and lead to subsequent brain damage by 

modulating some risk factors has not been well examined.  

 

Other Confounders 

Lifestyle factors such as smoking and drinking increase the risk for kidney 

disease. Current smoking and heavy drinking (four or more servings of alcohol per 

day) were found to be associated with five-fold odds of developing CKD 202. The 

Chronic Renal Insufficiency Cohort study also reported that hard illicit drug use was 

associated with CKD progression and mortality 203. Smoking and heavy drinking also 

affect cognitive performance. From the Whitehall II study cohort, participants who 

smoked and drank alcohol heavily had a 36% faster cognitive decline (equivalent to 2 

years in aging effect), compared to those who were non-smokers and moderate 

drinkers 204. Illicit drug use influences neuropsychological performance in a wide 

range of cognitive domains, including attention, executive control, visuo-spatial 

abilities, and psychomotor speed 205.  
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Depression affects about one quarter of CKD patients 206 and high depressive 

symptoms were found to increase the risk of CKD progression and mortality 207. 

Individuals with depressive symptoms were found to show deficits across multiple 

cognitive domains 208. In the testing process, they had impaired motivation for 

assessment and were oversensitive to negative feedback.  

Previous studies typically adjusted for demographic variables, cardiovascular 

factors that might be mechanistic, health behaviors such as smoking and drinking, 

depression and inflammatory markers. However, the findings reviewed in the above 

section on populational studies remained even after adjustment of these factors. For 

some studies it seems that demographic variables such as age and sex largely explain 

the positive findings. In other studies, the associations were attenuated after each 

sequential adjustment. Some findings remained robust despite adjustment. It is useful 

to examine which group of these risk factors contributes the most to the potential 

association between kidney function and cognition. Therefore, this study adjusts 

sequentially for demographics (age and sex), health behaviors (smoking, drinking and 

drug use) and negative affect (depressive symptoms), cardiovascular comorbidities 

and inflammation.  

 

Theoretical framework 

The current study focuses on how social inequalities associated with lower 

SES and racial/ethnic minorities influence the relations between kidney function and 

cognition. Therefore theoretical frameworks that address disparities in health 

stemming from social inequalities are suitable in this context, such as the “weathering 

hypothesis” 209 and the “minority stress model” 210.  

The “weathering hypothesis” was proposed by Geronimus 209 based on her 
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research on racial differences of infant mortality. It was found that African American 

infants born to teen mothers experienced a survival advantage than those born to older 

mothers, a phenomenon not found for non-Hispanic White infants. The racial 

difference of infant mortality was also larger for mothers at older ages than young 

ages. The maternal age patterns associated with infant mortality outcomes can be 

explained by a “weathering effect” that African Americans experience early health 

deterioration at young adulthood as a result of cumulative socioeconomic adversity. 

The stress associated with stigma and racial discrimination or prejudice may cause 

physiological deterioration in African Americans, and they may show health 

outcomes often seen among White individuals who are significantly older. The racial 

disparity appears early in adulthood and continues to widen through middle 

adulthood.  

The minority stress model was developed by Meyer’s 210 research on sexual 

minorities, but is equally applicable to other stigmatized and disadvantaged social 

groups such as low SES individuals and racial/ethnic minorities. It argues that 

circumstances in the social environment, particularly prejudice and stigma, can pose 

unique stress on minorities, and the stress would cause negative mental health as well 

as physical health outcomes among individuals in minority groups. The process 

operates along a continuum of distal to proximal stressors. Distal stressors are 

external events and experiences such as chronic strains, discrimination or violence, 

and proximal stressors are internal attitudes or conflicts formed by a person’s 

appraisal of social conditions, such as internalized negative social attitudes, 

expectation of rejection and concealment. Minority stress is the accumulation of distal 

and proximal stressors throughout the lifespan that might eventually exhaust coping 

resources and undermine well-being.  
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Both the “weathering hypothesis” and the “minority stress model” address the 

cumulative exposure to stress resulting from systemic social disadvantages and 

structured racism among African Americans, which would negatively impact their 

physiological and psychosocial well-being. Age as a social construct may index the 

chronic exposure to adversities that renders health inequalities, as individuals age in 

social environments 211,212. Old age reflects the cumulative environmental attacks and 

increased biological vulnerability. The interaction between age and exposure to racial 

discrimination is complex, and can act through several potential mechanisms across 

the lifespan 211. In addition, the association between SES and health status also exhibit 

complex age patterns 212.  

These frameworks are consistent with the cumulative inequality (CI) theory in 

gerontology 213. The CI theory posits that social systems are central to the generation 

of inequality, which accumulates across the life span (with age as an index of life 

changes and accumulation of inequality). It also emphasizes the importance of human 

agency (shaping differential trajectories in response to exposure) and subjective 

appraisal (“perception of trajectories influences subsequent trajectories”).  

This study aims to examine potential moderating effects of race and SES on 

the association between kidney function and cognition. The theories reviewed above 

provide context to how reduced kidney function might disproportionally affect 

cognitive function of African Americans and those of low SES because of 

experienced social adversities.  
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Chapter 2: Methodology 

Research questions and specific aims 

 This study uses two waves of secondary data collected by the HANDLS study to 

investigate the association between kidney function and cognitive decline, with the 

following aims and hypotheses: 

Aim 1: To investigate if eGFR is associated with cognition (two time points) after 

adjusting sequentially for demographics (base model), health behaviors 

and negative affect, cardiovascular comorbidities and inflammation; also 

examine the moderating effects of race and SES on this relationship 

Hypothesis 1: A greater decline in eGFR will be associated with greater cognitive 

decline in all domains, and the effects of lowered kidney function on 

cognition will be more pronounced in low SES African Americans. 

Sequential adjustment of covariates will attenuate, but not eliminate, the 

association.  

Aim 2: To examine the association between baseline kidney function and cognition 

(two time points) after adjusting sequentially for demographics (base 

model), health behaviors and negative affect, cardiovascular 

comorbidities and inflammation. The kidney function markers are eGFR, 

albuminuria, and Cystatin-C, with the latter two only available in a 

subsample; also examine the moderating effects of race and SES on this 

relationship 

Hypothesis 2: Lower baseline kidney function will be associated with greater 

cognitive decline even after adjusting for demographics, health 

behaviors and negative affect, cardiovascular comorbidities and 

inflammation. The effects of lowered kidney function on cognition are 
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more pronounced in low SES African Americans. The association of 

albuminuria with cognitive decline is more pronounced than those for 

eGFR or Cystatin-C.  

 

Research design 

Data Source  

This study uses secondary data collected by the HANDLS study. The 

HANDLS study was designed to examine health disparities and aging associated with 

race and SES in a longitudinal prospective sample of African American and White 

community-dwelling adults aged 30 to 64 (N = 3,720 at baseline) selected from 

thirteen neighborhoods in Baltimore city. It is an area probability sample of residents 

in these neighborhoods with a four-way factorial design stratified by age (in five-year 

age groups), sex (men or women), race (African American or White), and SES 

(indicated by poverty status: self-reported household income below or over 125% of 

the 2004 Health and Human Services Poverty Guidelines).  

The sample selection and data collection methods were described in detail 

elsewhere 23. Briefly, baseline data collection was divided into two phases: Phase 1 

consisted of participant screening, household recruitment and interview, and Phase 2 

was a comprehensive medical examination on mobile Medical Research Vehicles 

(MRVs). Individuals who were pregnant, within six months of receiving treatment of 

cancer (including chemotherapy, biologic or radiation) or a history of AIDS at 

baseline were excluded. The HANDLS study began in August 2004 and plans to 

follow up the same participants for 20 years. Its data collection process is arranged 

such that each neighborhood is revisited for three months every three to four years. 

Currently data collection for the first four waves of HANDLS is completed and wave 
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five is ongoing. This study uses wave 1 and wave 3 of the HANDLS dataset, both of 

which include cognitive assessment. The entire data collection period for wave 1 was 

from August 2004 to March 2009; for wave 3, from June 2009 to July 2013. This 

provides a reasonable time gap of at least three years for data collection in each 

individual neighborhood.  

 

Exclusion Criteria 

For the current analyses, participants with stroke, transient ischemic attack 

(TIA), HIV, heart failure, dementia and other neurological conditions, and on dialysis 

or having eGFR < 15 mL/min/1.73 m² at baseline are excluded.  

 

Ethical Approval 
 

This is a study that uses secondary data from the HANDLS study. Written 

informed consent was obtained from all participants who were informed of the study 

protocol in layman’s terms by a booklet, and procedures and follow-ups of the study 

by a video. The study protocol was ethically approved by the National Institutes of 

Health, National Institute of Environmental Health Sciences Institutional Review 

Board. The data use agreement for the current study is under Dr. Shari Waldstein as 

the principal investigator at the research site of University of Maryland Baltimore 

County.  

 

Measures 

Cognition 

Cognition is measured by a battery of neuropsychological tests. These tests 

evaluate performance in the following cognitive domains: attention, learning/memory, 
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executive function, visuospatial/visuo-construction ability, psychomotor speed and 

language/verbal abilities.  

 

Brief Test of Attention (BTA)  

The Brief Test of Attention is a measure of auditory divided attention 214. Ten 

lists of letters and numbers of four to eighteen items are read and participants are 

asked to count how many numbers (disregarding the letters) were read in each trial. 

The total score is the total number of correct trials out of ten.  

 

Benton Visual Retention Test (BVRT) 

The BVRT is a test of visual memory, visual perception and visuo-

constructional abilities 215. It asks subjects to reproduce each of ten visual designs 

after viewing them briefly. Scores were total errors, with a higher score indicating 

poorer visual abilities.  

 

California Verbal Learning Test (CVLT)  

The CVLT assesses verbal learning and memory 216. The standard format uses 

two sixteen-item word lists to evaluate immediate and delayed recall. Recall of list A 

consists of five trials; a modified version used was with three trials instead. Recall of 

List B is performed after List A with one trial allowed. Then short delay free recall 

and cued recall of List A are conducted. Then long-delay recall and cued recall and 

recognition of List A are tested in the end. Scores include total number of words 

correctly recalled of List A, short-delay free recall, long-delay free recall and learning 

slope performance. Higher scores indicate better verbal memory.   
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Digit Span Forward & Backward (DS-F and DS-B) 

The Digit Span Forward and Backward from the Wechsler Adult Intelligence 

Scale, Revised assesses attention and working memory 217. In both tests, seven pairs 

of random number sequences of increasing lengths are read to the participant at a rate 

of one number per second. In the forward test, participants are asked to repeat the 

numbers in its original order. In the backward test, participants are asked to repeat the 

numbers in reverse order. The test is stopped when the participant fails in any trial in 

both tests. The scores are calculated as the number of correctly recalled digits.  

 

Animal Fluency Test (AF) 

Animal fluency is a test of semantic verbal fluency 218. Participants are asked 

to name as many animals as possible within 60 seconds. It assesses generation of 

words within a category in a fixed amount of time, and its score is the total number of 

unique animals named. Higher scores indicate better verbal fluency.  

 

Trail Making Test (TMT) A & B 

The Trail Making Test measures attention and executive function (specifically 

cognitive flexibility and visuomotor scanning) 219. TMT A requires participants to 

connect randomly scattered numbers in circles in ascending order, while TMT B 

requires participants to connect circles of numbers and letters, alternating between the 

two. The scores reflect time to complete the sequences in the correct order, and higher 

scores reflect poorer performance. If an error occurs, the participant is asked to go 

back to the last correct response, and the time for correction is also counted toward 

the total score. The time limits for Part A and B are five and ten minutes, respectively. 

TMT-A and B results are capped at 300 seconds (or 5 minutes, as the commonly used 
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ceiling level, instead of 600 seconds) in this study, i.e. all values exceeding 300 

seconds were recorded as 300 seconds. 

 

Kidney Function 

Using fasting venous blood specimens, eGFR was calculated from serum 

creatinine based on the CKD-EPI equation 64. For 9% of participants, creatinine was 

measured once at baseline and once at follow-up at the National Institute on Aging 

Clinical Research Branch Core Laboratory using a modified kinetic Jaffe method 

(CREA method, Dade Dimension Xpand Clinical Chemistry System, Siemens 

Healthcare Diagnostics Inc., Newark, DE). For the rest of the participants, creatinine 

was measured at Quest Diagnostics, Inc. by isotope dilution mass spectrometry 

(IDMS, Olympus America Inc., Melville, NY) and standardized to the reference 

laboratory at the Cleveland Clinic.  

For participants with spot urine data at baseline, albumin concentration was 

measured at Quest Diagnostics, Inc., using an immunoturbidimetric assay (Kamiya 

Biomedical Co., Seattle, WA).  

Serum Cystatin C was measured in a subsample of participants at baseline. 

The assays were run in collaboration with the Department of Pathology at the 

University of Maryland on the Dimension Vista® system from Siemens (Glasgow, 

DE) using the Flex® reagent cartridge.  

Covariates 

Sociodemographic data including age, sex (biological sex assigned at birth), 

race (self-identified), level of educational attainment and SES were obtained from the 

baseline household survey. SES was defined as poverty status, a self-reported annual 

household income below 125% of the 2004 Department of Health and Human 
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Services poverty guideline.  

Smoking, alcohol use and illicit drug use (cocaine, marijuana and opiate) were 

self-reported in baseline and follow-up medical history questionnaires and were 

measured as “Yes/No” for current use.  

Depressive symptoms were measured by the Center for Epidemiological 

Studies Depression Scale (CES-D) 220, a 20-item test of depressive symptoms (score 

range 0-60, > 16: significant depressive symptoms, > 20 clinically depressive 

symptoms). A continuous measure of CES-D score was used in this study.  

Cardiovascular comorbidities were obtained from medical history, physical 

examination and laboratory assessment results. Hypertension was defined as an 

average of seated systolic blood pressure ≥ 140 mm Hg, an average of seated diastolic 

blood pressure ≥ 90 mm Hg, a history of blood pressure medication use, or a self-

report of physician diagnosed hypertension. Diabetes mellitus was defined as a fasting 

plasma glucose concentration of ≥ 126 mg/dl, prescription of diabetic medications, or 

self-reported physician diagnosis of diabetes. Other cardiovascular diseases such as 

myocardial infarction, coronary heart disease and peripheral arterial disease 

(symptom of claudication) were self-reported.  

Inflammatory markers of high-sensitivity C-reactive protein (hs-CRP), 

Erythrocyte Sedimentation Rate (ESR) and white blood cell count were processed at 

Quest Diagnostics (Chantilly, VA). ESR was measured within 24 hours of a fasted 

blood draw using 5 ml of refrigerated whole blood stored in lavender-top EDTA tube, 

by the automated modified Westergren photochemical capillary stopped flow kinetic 

analysis. hs-CRP was analyzed with an immunoturbidimeter (Siemens/Behring 

Nephelometer II), using 0.5–1 ml of plasma. Total white blood cell count (WBC) was 

obtained from fasting blood samples at baseline and follow-up. Z-scores of CRP, ESP 
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and WBC were calculated as (value – mean) / standard deviation. A composite z-

score of inflammation was calculated by adding the separate z-scores of CRP, ESP 

and WBC.  

 

Sample Size and Power Calculations 

Based on previous publications 148,221, 1,993 participants had complete eGFR 

at both baseline and the follow-up and the number of participants with complete 

cognitive test data ranges from 2,088 to 2,700 in wave 1 and 1,728 to 1,846 in the 

follow-up visit. It is also known that Cystatin-C is available at baseline for about 

1,900 participants. Although the number of participants with complete data in both 

eGFR and cognitive tests is unknown, the sample should be sufficiently large for the 

proposed data analysis. 

In addition, after applying the exclusion criteria, only 1,694 individuals 

remained in the follow-up visit, this number is used as the actual number of 

participants with complete cases and therefore the most conservative estimate for 

power calculations. Power calculations for mixed effects models are an evolving field 

in statistics, and there are generally three approaches: 1) Approximation by reducing 

the model to multivariable regression; 2) Using exemplary or pilot data; 3) 

Simulation. It was not feasible to conduct 2) and 3) given that pilot data is not 

available, and capabilities of existing methods to simulate cohort studies are limited. 

Therefore, multivariable regression approximation was used to calculate power for 

this study. Using the free G*Power software version 3.1 222, specifying a two-tailed t-

test with a standard α = 0.05 and 24 predictors (including the independent variable, 

covariates, and all four-way, three-way and two-way interactions), a sample size of 

1,694 was able to detect a small effect size f2 of 0.01 with power of 0.98. Power for 
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mixed effect regression will only be higher than that calculated from approximated 

multivariable regression because of increased number of observations. Therefore, the 

HANDLS dataset has adequate power to detect small and large effect sizes in this 

study.  

 

Analytic Methods 

Aim 1: Mixed effect regressions using eGFR as the independent variable (time-

varying) and cognitive measures (time-varying) as outcome variables, with an 

interaction term of age (time-varying) to assess change over time, race, and SES with 

the independent variable and all lower-order interactions of these variables.  

Model 1: adjusting for age, sex, race and SES;   

Yij  = (ß0 + b0i) + ßeGFR XeGFR ij  + ßAge XAge ij + ßSex XSex ij + ßEducation XEducation ij + 

ßRace XRace ij + ßSES XSES ij + ßeGFR*Age*Race*SES XeGFR*Age*Race*SES ij + 

ßeGFR*Age*Race XeGFR*Age*Race ij + ßeGFR*Age*SES XeGFR*Age*SES ij  + 

ßeGFR*Race*SES  XeGFR*Race*SES ij + ßAge*SES*Race X Age*SES*Race ij + 

ßeGFR*Age XeGFR*Age ij + ßeGFR*Race XeGFR*Race ij + ßeGFR*SES XeGFR*SES ij 

+ ßAge*Race XAge*Race ij  + ßAge*SES XAge*SES ij + ßSES*Race XSES*Race ij + εij    

(Note: Yij is the cognitive outcome of person i on occasion j; ß0: fixed 

intercept; b0i: random intercept; ß: fixed slope; εij: random error)  

Model 2: adjusting for demographics and health behaviors/negative affect 

(smoking, alcohol use, drug use, and depressive symptoms);  

Yij  = (ß0 + b0i) + ßeGFR XeGFR ij  + ßAge XAge ij + ßSex XSex ij + ßEducation XEducation ij + 

ßRace XRace ij +  ßSES XSES ij + ßHealthy_behaviors XHealthy_behaviors ij + 

ßDepression XDepression ij + ßeGFR*Age*Race*SES XeGFR*Age*Race*SES ij + 

ßeGFR*Age*Race XeGFR*Age*Race ij + ßeGFR*Age*SES XeGFR*Age*SES ij  + 
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ßeGFR*Race*SES  XeGFR*Race*SES ij + ßAge*SES*Race X Age*SES*Race ij + 

ßeGFR*Age XeGFR*Age ij + ßeGFR*Race XeGFR*Race ij + ßeGFR*SES XeGFR*SES ij 

+ ßAge*Race XAge*Race ij  + ßAge*SES XAge*SES ij + ßSES*Race XSES*Race ij + εij 

Model 3: adjusting for demographics, health behaviors/negative affect and 

cardiovascular comorbidities (a single indicator CVD i.e. 

myocardial infarction, peripheral arterial disease, and coronary heart 

disease as well as diabetes and hypertension)  

Yij  = (ß0 + b0i) + ßeGFR XeGFR ij  + ßAge XAge ij + ßSex XSex ij + ßEducation XEducation ij + 

ßRace XRace ij + ßSES XSES ij  + ßHealthy_behaviors XHealthy_behaviors ij + 

ßDepression XDepression ij + ßComorbid_CVD  XComorbid_CVD ij + ßDiabetes  XDiabetes 

ij + ßHypertension  XHypertension ij + ßeGFR*Age*Race*SES XeGFR*Age*Race*SES ij + 

ßeGFR*Age*Race XeGFR*Age*Race ij + ßeGFR*Age*SES XeGFR*Age*SES ij  + 

ßeGFR*Race*SES  XeGFR*Race*SES ij + ßAge*SES*Race X Age*SES*Race ij + 

ßeGFR*Age XeGFR*Age ij + ßeGFR*Race XeGFR*Race ij + ßeGFR*SES XeGFR*SES ij 

+ ßAge*Race XAge*Race ij  + ßAge*SES XAge*SES ij + ßSES*Race XSES*Race ij + εij 

Model 4: adjusting for demographics, health behaviors/negative affect, 

cardiovascular comorbidities and inflammatory factors (a composite 

of hsCRP, white blood cell count and erythrocyte sedimentation 

rate) 

Yij  = (ß0 + b0i) + ßeGFR XeGFR ij  + ßAge XAge ij + ßSex XSex ij + ßEducation XEducation ij + 

ßRace XRace ij + ßSES XSES ij  + ßHealthy_behaviors XHealthy_behaviors ij + 

ßDepression XDepression ij + ßComorbid_CVD  XComorbid_CVD ij + ßDiabetes  XDiabetes 

ij + ßHypertension  XHypertension ij + ßInflammation XInflammation ij + 

ßeGFR*Age*Race*SES XeGFR*Age*Race*SES ij + ßeGFR*Age*Race XeGFR*Age*Race ij 

+ ßeGFR*Age*SES XeGFR*Age*SES ij  + ßeGFR*Race*SES  XeGFR*Race*SES ij + 
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ßAge*SES*Race X Age*SES*Race ij + ßeGFR*Age XeGFR*Age ij + ßeGFR*Race 

XeGFR*Race ij + ßeGFR*SES XeGFR*SES ij + ßAge*Race XAge*Race ij  + ßAge*SES 

XAge*SES ij + ßSES*Race XSES*Race ij + εij 

Aim 2: Mixed effects regressions using eGFR, albuminuria and Cystatin-C levels 

(separately) at baseline as independent variables, and individual scores of cognitive 

tests as the outcome variables, with an interaction term of age (time-varying) to assess 

change over time, race and SES with the independent variables, and all lower-order 

interactions of these variables.  

Adopting the same sequential models in Aim 1:  

Model 5: adjusting for age, sex, race and SES;  

Yij  = (ß0 + b0i) + ßKidney_function XKidney_function ij  + ßAge XAge ij + ßSex XSex ij + 

ßEducation XEducation ij + ßRace XRace ij + ßSES XSES ij + 

ßKidney_function*Age*Race*SES XKidney_function*Age*Race*SES ij + 

ßKidney_function*Age*Race XKidney_function*Age*Race ij  + ßKidney_function*Age*SES 

XKidney_function*Age*SES ij + ßKidney_function*SES*Race XKidney_function*SES*Race ij 

+ ßAge*SES*Race XAge*SES*Race ij + ßKidney_function*Age XKidney_function*Age ij + 

ßKidney_function*Race  XKidney_function*Race ij + ßKidney_function*SES 

XKidney_function*SES ij + ßAge*Race XAge*Race ij + ßAge*SES XAge*SES ij + 

ßSES*Race XSES*Race ij + εij 

(Note: Yij is the cognitive outcome of person i on occasion j; ß0: fixed 

intercept; b0i: random intercept; ß: fixed slope; εij: random error. 

Kidney function will be fitted separately for baseline eGFR, 

albuminuria and Cystatin-C)  

Model 6: adjusting for demographics and heath behaviors/negative affect 

(smoking, alcohol use, drug use, and depressive symptoms);  
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Yij  = (ß0 + b0i) + ßKidney_function XKidney_function ij  + ßAge XAge ij + ßSex XSex ij + 

ßEducation XEducation ij + ßRace XRace ij + ßSES XSES ij + ßHealthy_behaviors 

XHealthy_behaviors ij + ßDepression XDepression ij +  ßKidney_function*Age*Race*SES 

XKidney_function*Age*Race*SES ij + ßKidney_function*Age*Race 

XKidney_function*Age*Race ij  + ßKidney_function*Age*SES XKidney_function*Age*SES ij 

+ ßKidney_function*SES*Race XKidney_function*SES*Race ij + ßAge*SES*Race 

XAge*SES*Race ij + ßKidney_function*Age XKidney_function*Age ij + 

ßKidney_function*Race  XKidney_function*Race ij + ßKidney_function*SES 

XKidney_function*SES ij + ßAge*Race XAge*Race ij + ßAge*SES XAge*SES ij + 

ßSES*Race XSES*Race ij + εij 

Model 7: adjusting for demographics, health behaviors/negative affect and 

cardiovascular comorbidities (a single indicator CVD i.e. 

myocardial infarction, peripheral arterial disease, and coronary heart 

disease, as well as diabetes and hypertension)  

Yij  = (ß0 + b0i) + ßKidney_function XKidney_function ij  + ßAge XAge ij + ßSex XSex ij + 

ßEducation XEducation ij + ßRace XRace ij +  ßSES XSES ij + ßHealthy_behaviors 

XHealthy_behaviors ij + ßDepression XDepression ij + ßComorbid_CVD XComorbid_CVD ij  

+ ßDiabetes  XDiabetes ij + ßHypertension  XHypertension ij + 

ßKidney_function*Age*Race*SES XKidney_function*Age*Race*SES ij + 

ßKidney_function*Age*Race XKidney_function*Age*Race ij  + ßKidney_function*Age*SES 

XKidney_function*Age*SES ij + ßKidney_function*SES*Race XKidney_function*SES*Race ij 

+ ßAge*SES*Race XAge*SES*Race ij + ßKidney_function*Age XKidney_function*Age ij + 

ßKidney_function*Race  XKidney_function*Race ij + ßKidney_function*SES 

XKidney_function*SES ij + ßAge*Race XAge*Race ij + ßAge*SES XAge*SES ij + 

ßSES*Race XSES*Race ij + εij 
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Model 8: adjusting for demographics, health behaviors/negative affect, 

cardiovascular comorbidities and inflammatory factors (a composite 

of hsCRP, white blood cell count, and erythrocyte sedimentation 

rate) 

Yij  = (ß0 + b0i) + ßKidney_function XKidney_function ij  + ßAge XAge ij + ßSex XSex ij + 

ßEducation XEducation ij + ßRace XRace ij + ßSES XSES ij + ßHealthy_behaviors 

XHealthy_behaviors ij + ßDepression XDepression ij + ßComorbid_CVD XComorbid_CVD ij  

+ ßDiabetes  XDiabetes ij + ßHypertension  XHypertension ij + ßInflammation 

XInflammation ij + ßKidney_function*Age*Race*SES XKidney_function*Age*Race*SES ij + 

ßKidney_function*Age*Race XKidney_function*Age*Race ij  + ßKidney_function*Age*SES 

XKidney_function*Age*SES ij + ßKidney_function*SES*Race XKidney_function*SES*Race ij 

+ ßAge*SES*Race XAge*SES*Race ij + ßKidney_function*Age XKidney_function*Age ij + 

ßKidney_function*Race  XKidney_function*Race ij + ßKidney_function*SES 

XKidney_function*SES ij + ßAge*Race XAge*Race ij + ßAge*SES XAge*SES ij + 

ßSES*Race XSES*Race ij + εij 

Table 1 illustrates the analytical models that are used in this study. 
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Table 1. Analytical Models 

 

 
* Cognition is time-varying from baseline to time point 2. 
† Cognition is time-varying from baseline to time point 2. 
‡ Baseline kidney function assessed by eGFR, albuminuria and Cystatin-C. 
§ Specific covariates include: Health behaviors & Negative affect: smoking, alcohol use, drug use, and 
depressive symptoms; Cardiovascular comorbidities: single indicator of diabetes, hypertension/CVD, 
myocardial infarction, peripheral arterial disease, and coronary heart disease.  
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Statistical Analysis 

 
All statistical analyses were performed using SAS version 9.4 (Cary, NC). 

Mixed-effects linear regression models were developed for each separate 

neurocognitive outcome to examine the longitudinal relationship between kidney 

function and cognition. For each model, a random intercept was included. A 

backward elimination approach was adopted to select significant interaction terms in 

each model. Specifically, higher-level interaction terms were dropped if none of those 

including the main independent variable (eGFR) was significant (p ≥ 0.05). When 

significance was reached in any step of the elimination approach, the significant 

term(s) and all lower-level interaction terms were kept in the models. In order to 

compare results for different cognitive outcomes and sequential models for the same 

outcome, a restricted sample with completely available data on all variables used in 

the models was selected.  

For each outcome, the findings of significant interactions that involve age are 

organized by two contrasting methods to investigate the nature and strength of the 

interaction: 1) the primary interaction interpretation analyses that focus on cognitive 

decline (age in the x-axis), by kidney function marker levels for each race/SES 

subgroup, which are interpreted by visual inspection and simple slope analysis of 

among subgroups; 2) supplemental interaction analyses that focus on the impact of 

kidney function on cognition (kidney function marker in the x-axis), by age tertiles 

for each race/SES subgroup, which are interpreted by visual inspection as well as 

testing slope differences of the association between kidney function and cognition by 

age tertiles.  
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Chapter 3: Results 

 

Aim 1 Results 
 

Sample Selection 

 
The HANDLS original sample had 3,720 participants at baseline, 2,897 of 

whom participated in a mobile medical research vehicle visit, and 2,468 in wave 3. 

After excluding participants based on the initial exclusion criteria, there were 2,540 

participants at baseline and 1,927 participants in wave 3. Further limiting the sample 

to those with all available variables, the restricted sample had 1,206 participants at 

baseline and 1,134 participants at wave 3. Figure 1 is a flow chart of sample selection 

for aim 1 in this study (All Ns indicate number of participants at baseline).
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Figure 1. Flow chart of participant selection for aim 1 analyses 

 
 

 

 

 

 

 

 

 

 

 

 

 

Table 2 compares the characteristics of the full sample (i.e., the sample after 

applying the exclusion criteria) and the restricted sample with only completely 

available data for all variables. The distributions of all variables were similar and the 

groups did not differ significantly. The restricted sample with complete data was used 

in subsequent analyses to ensure model comparability. 

Original sample (N = 3,720) 

Full sample (N = 2,540) 

Excluded  
823 without mobile medical 

research vehicle visits; 
346 with stroke, TIA, HIV, heart 

failure, dementia or other 
neurological disorders (brain 
cancer, multiple sclerosis, 
Parkinson’s disease and 
epilepsy); 

4 participants on dialysis; 

Restricted sample (N = 1,206) 

Excluded 1,334 with missing 
data on model variables:  
266 missing predictor;  
763 with predictor but 

missing any cognitive 
outcome;  

305 with predictor and all 
cognitive outcomes but 
missing covariates 
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Table 2. Comparison of full sample and restricted sample (complete available data on 

all variables only) at baseline 

 

* P-values derived from chi-square test for categorical variables and t-test for continuous variables 

 

 Full sample   

(N =2,540) 

Restricted 

sample  

(N = 1206) 

P * 

 eGFR, mean (SD) 93.7 (19.3) 95.0 (18.7) 0.06 

  Age, Mean (SD) 48.4 (9.2) 48.5 (9.1) 0.74 

  Women, N (%) 1414 (55.7) 679 (56.3) 0.72 

  African American, N (%) 1468 (57.8) 710 (58.9) 0.53 

  Years of Education, Mean (SD) 12.2 (2.6) 12.0 (2.5) 0.18 

  Poverty, N (%) 1040 (40.9) 505 (41.9) 0.59 

  Smoker, N (%) 1667 (77.7) 956 (79.3) 0.39 

  Alcohol use, N (%) 1793 (83.7) 1018 (84.4) 0.59 

  Drug use, N (%) 1068 (49.4) 593 (49.2) 0.89 

  CES-D score, Mean (SD) 14.8 (11.3) 14.9 (11.2) 0.85 

  Cardiovascular comorbid., N 

(%) 

129 (6.2) 83 (6.9) 0.46 

  Diabetes, N (%) 279 (12.7) 150 (12.4) 0.81 

  Hypertension, N (%) 1005 (42.7) 557 (46.2) 0.05 

Inflammation z-score, Mean (SD) -0.07 (1.63)  -0.05 (1.57) 0.70 
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Diagnostics 

 
Distributions, indicated by Q-Q plots of all cognitive outcomes, were 

examined. All distributions were close to normal except for TMT-A and TMT-B tests, 

both of which were left skewed. Figure 2 shows Q-Q plots of TMT-A and TMT-B 

based on raw data.
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Figure 2. Q-Q plots of TMT-A and B raw test results by wave 

 

 

                                     TMT-A, wave 1                                                                TMT-B, wave 1 

 

                                     TMT-A, wave 3                                                                TMT-B, wave 3 

 

The TMT A and TMT-B scores were log transformed for the purpose of 

analysis. Figure 3 shows the Q-Q plots of the log-transformed scores.  The log 

transformation of TMT-B still showed some skewing of the data.
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Figure 3. Q-Q plots of TMT-A and B log-transformed test results by wave 

 

 

                               log TMT-A, wave 1                                                            log TMT-B, wave 1 

                                    

                              log TMT-A, wave 3                                                             log TMT-B, wave 3 

 

Summary of Findings 

Descriptive Statistics 

Table 3 characterizes the covariates of the baseline sample. At baseline, there 

were 1,206 participants, with a mean age of 48.5 (SD: 9.1) years and slightly more 

than half were women. Average education was about 12 years (SD: 2.5). Most 

participants currently or previously smoked (79.3%) or used alcohol (84.4%), and 

about half had used illicit drugs. Mean CES-D score was 14.9 (SD: 11.2). About 12% 

had diabetes, and close to half had hypertension. Other self-reported cardiovascular 
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comorbidities were less common (6.9%) and the mean inflammation z-score was -

0.05 (SD: 1.6). There were 505 participants below poverty (low SES) and 701 above 

poverty (high SES). There were 710 individuals who identified as African American 

or Black and 496 identified as White. Comparing the higher SES group with the lower 

SES group, the higher SES group was significantly older, more educated, more likely 

to use alcohol but less likely to use drugs, had a much lower CES-D score, were much 

less likely to have other cardiovascular comorbidities, and had a lower inflammation 

score (p’s < .05). Comparing African Americans with Whites, Whites were 

significantly less likely to use drugs and less likely to have hypertension but had a 

higher inflammation score (all p < .05).  

Table 4 characterizes the covariates of the sample at wave 3. At wave 3, there 

were 1,134 participants, with a mean age of 52.5 (SD: 8.7) years and slightly more 

than half were women. Years of education were about 12 years (SD: 2.6). Most 

participants currently or previously smoked or used alcohol (81.6% and 88.9%), and 

about half had used illicit drugs. Mean CES-D score was 15.1 (SD: 11.4). About 17% 

had diabetes, and about half had hypertension. Other self-reported cardiovascular 

comorbidities were less common (4.6%) and the mean inflammation z-score was 

0.001 (SD: 1.7). There were 445 participants below poverty (low SES) and 689 above 

poverty (high SES). There were 642 participants that identified as African American 

or Black and 492 identified as White. Comparing the higher SES group with the lower 

SES group, the higher SES group was significantly older, had significantly less 

women, were more educated, more likely to use alcohol, had a much lower CES-D 

score and a lower inflammation score (all p < .05). Comparing African Americans 

with Whites, Whites were significantly less likely to smoke or use drugs, and less 

likely to have hypertension (all p < .05). 
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Table 3. Demographic, health behavior, and clinical characteristics of the baseline 
sample 
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Table 3 continued  

 

* Comparison for categorical variables: chi-square test; for continuous variables: t-test.  

† Includes both current and previous alcohol use.  

‡ Includes both current and previous drug use, the drugs include marijuana, opiates and cocaine.  

§ Includes myocardial infarction, peripheral arterial disease, and coronary heart disease.  
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Table 4. Demographic, health behavior, and clinical characteristics of the sample at 
wave 3 
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Table 4 continued  

 
 

* Comparison for categorical variables: chi-square test; for continuous variables: t-test.  

† Includes both current and previous alcohol use.  

‡ Includes both current and previous drug use, the drugs include marijuana, opiates and cocaine.  

§ Includes myocardial infarction, peripheral arterial disease, and coronary heart disease.  
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Table 5 provides information about the independent variable of eGFR kidney 

function and outcome variables of cognition at baseline. Comparing among SES and 

race groups in terms of eGFR and cognitive outcomes, participants with higher SES 

did not differ in terms of eGFR from the lower SES group, but performed 

significantly better in all cognitive tests (all p < .05). Whites had a significantly lower 

mean eGFR level and performed significantly better in all cognitive tests except 

BVRT (p’s < .05).  

Table 6 provides information about the independent variables of kidney function 

and outcome variables of cognition at wave 3. Comparing among groups in terms of 

eGFR and cognitive outcomes, participants with higher SES had significantly lower 

eGFR, performed significantly better in all cognitive tests but TMT-A than those with 

lower SES (all p < .05). Whites had a significantly lower mean eGFR level and 

performed significantly better in all cognitive tests (all p < .05).  
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Table 5. Kidney function and cognition of the baseline sample* 
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Table 5 continued 

 

* All variables presented as Mean (SD) and the comparison test for all variables was t-test. 
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Table 6. Kidney function and cognition of the sample at wave 3* 
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Table 6 continued 
 

 
 

* All variables presented as Mean (SD) and the comparison test for all variables was t-test.  
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Correlations 

At baseline, TMT-A and log TMT-A scores were significantly and negatively 

associated with eGFR (r = -0.06 and r = -0.10, p < 0.05), such that better cognition 

was associated with better kidney functioning. At wave 3, CVLT short-delay recall 

and total correct were significantly and positively associated with eGFR (r = 0.07 and 

r = 0.07, p < 0.05) and log TMT-A was negatively associated with eGFR (r = -0.08, p 

< 0.05), again such that better cognition was associated with better kidney 

functioning.  There were no correlations among the covariates that would suggest 

collinearity (all r<.30). However, among the cognitive outcomes, the sub-scores of 

CVLT (short-delay recall, long-delay recall and total correct A) were highly 

correlated both at baseline (r=.87) and at wave 3 (r=.86).  

Correlation plots between eGFR and all cognitive variables were examined, but 

there was no indication of non-linear relationships between the predictor and 

outcomes.  

 

Base Models and Model Construction  

In order to examine how eGFR was associated with each cognitive outcome, a 

base model with each cognitive outcome and only eGFR as independent variable 

(model 0) was constructed. The first column in Table 7 shows the results from these 

base models. None of the eGFR coefficients were significant except for TMT-A (β = -

0.07, p = 0.02) and log TMT-A (β = -0.002, p = 0.0004). It should also be noted that 

all results were in the expected direction, such that higher eGFR was associated with 

better cognitive performance, except for Digit Span Backward (β = -0.002, p = 0.40).   

A separate set of models (age, or age interaction models) was constructed to 

understand the possible effects of adding age into the model. These models included 
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eGFR, age, and an interaction term of eGFR*Age. If the eGFR*Age interaction term 

was not significant, the interaction was removed from the model (i.e., the model only 

included eGFR and Age). The second column in Table 7 shows the coefficients for 

the significant eGFR*Age interaction terms. If the eGFR*Age interaction was 

removed from the model because it was not significant, the third column of Table 7 

shows the coefficients for eGFR for the Age and eGFR only models. All coefficients 

for the eGFR and age only models changed to be in the opposite direction to those in 

the base models except for Digit Span Backward and Forward tests (the forward test 

is non-significant), indicating that when adjusting for age, higher eGFR was 

associated with poorer cognition. Among the outcomes that changed direction with 

age in the model, it should be noted that BVRT, CVLT, and TMT-B tests had 

significant (p<.05) eGFR coefficients when age was included in the model, while the 

eGFR coefficient was not significant in the base model (eGFR only). In contrast, for 

TMT-A the coefficient was significant in the base model but not in the model when 

age was included.  
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Table 7. Results from base and age interaction models of eGFR on cognition 

 

 
Model 0 eGFR*Age eGFR (no 

interaction) 

Dependent variable Coefficient 

(SE) 

P Coefficient 

(SE) 

P Coefficient  
 
(SE) 

P 

BTA total correct .003 (.002) 0.28 -- -- -.001 (.003) 0.62 

BVR Total errors -.01 (.006) 0.12 -- -- .022 (.006) 0.000
3 

CVL Long-Delay Free 

Recall .002 (.004) 
0.54 

-- -- -.021 (.004) <.000
1 

CVL Short-Delay Free 

Recall .005 (.004) 
0.17 

-- -- -.018 (.004) <.000
1 

CVL Total correct A .004 (.008) 0.59 .002 (.001) 0.02 -- -- 

Digit Span Backward 

Total score -.002 (.002) 
0.40 

-- -- -.005 (.003) 0.03 

Digit Span Forward 

Total score .005 (.002) 
0.06 

-- -- .002 (.003) 0.40 

Animal fluency total 

words .002 (.006) 
0.75 

.001 (.001) 0.02 -- -- 

Trails A test seconds -.07 (.03) 0.02 -- -- .034 (.031) 0.28 

Log(Trails A test 

seconds) 

-.002 

(.0005)  
0.0004 

-- -- .0004 
(.0005)  

0.43 

Trails B test seconds -.11 (.09) 0.22 -- -- .190 (.095) 0.05 

Log(Trails B test 

seconds) 

-.001 

(.0007) 
0.21 

-- -- .001 (.001)  0.03 
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Figure 4 shows graphs for the cognitive outcomes with significant eGFR*Age 

interactions in the age interaction models by eGFR level. With increasing age, 

cognitive performance decreased for CVLT total correct but participants with higher 

eGFR had worse CVLT total correct performance. The significant interaction term for 

animal fluency suggests a cross-over effect of eGFR and cognition: before 

approximately 55 years old, participants with higher eGFR had worse animal fluency 

performance; after 55 years, participants with higher eGFR had better animal fluency 

performance. For all other significant models higher eGFR was associated with worse 

performance when controlling for age. 

 

Figure 4. eGFR*Age interaction by eGFR level with increasing age for the CVLT 

total correct and animal fluency 

 

 

Mixed Effects Model Results 

Results from mixed-effects linear regression models were summarized in Table 

8. The inclusion of interaction terms with age, race, and poverty status varies for 

different outcomes due to the hierarchical backward elimination process described in 

the methods section.  The covariates were added for each additional model as follows: 
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Model 1 (demographics), Model 2 (demographics + health behaviors/negative affect), 

Model 3 (demographics + health behaviors/negative affect + cardiovascular 

comorbidities), Model 4 (demographics + health behaviors/negative affect + 

cardiovascular comorbidities + inflammation). The backward elimination procedures 

for each cognitive test were shown in Table 8 (Model 1 only) together with the model 

results. Specifically, within each model, step 1 eliminated the non-significant four-

way interaction term; step 2 further eliminated non-significant three-way interaction 

terms; and step 3 then eliminated non-significant two-way interactions. The 

elimination process was stopped at the current step/level if any of the interaction 

terms including eGFR was significant. Findings are described below by test in 

alphabetical order and only the highest order significant results with eGFR are 

discussed. For significant interactions involving age, the two different interpretation 

methods were organized under each cognitive outcome.  

 

BTA 
 

For BTA (Table 8a), no interaction term was found to be significant. The main 

effects of eGFR were also non-significant across all models (β = 0.002, p = 0.392 to 

0.472).  

 

BVRT 
 

For BVRT (Table 8b), the main effects of eGFR were significant across all 

models (β = 0.016 to 0.018, p = 0.002 to 0.005). Because BVRT measures total 

errors, this indicates that higher eGFR was associated with lower cognitive 

performance in BVRT. No interaction terms were found to be significant.  
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CVLT 
 

For CVLT long delayed recall (Table 8c), the main effects of eGFR were 

significant across all models (β = -0.014 to -0.015, p < 0.0001). This indicates that 

higher eGFR was associated with lower cognitive performance in CVLT long delayed 

recall. No interaction terms were found to be significant.  

For CVLT short delayed recall (Table 8d), the four-way interaction term of 

eGFR*Age*Poverty*Race was significant across all four models (β = -0.003, p = 

0.030).  

 

Figure 5. Predicted CVLT short delayed recall score with increasing age by eGFR 

levels (mean ±1SD) in different racial and SES groups 

 
a. Whites above poverty                                                               b.  Whites below poverty 

 
c. African Americans above poverty                                                d. African Americans below poverty 
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Figure 5 depicts the four-way interaction (predicted CVLT short delayed recall 

score with increasing age by eGFR levels in the four different racial and SES 

subgroups) seen in Model 4 by eGFR levels (mean ±1SD). The trends of cognitive 

decline over age were similar in three of the groups: Whites above poverty, African 

Americans above poverty, and African Americans below poverty. However, among 

Whites below poverty, the greatest cognitive decline was noted in those with lower 

eGFR levels; the decline was smaller among those with average eGFR levels, and 

smallest among those with higher eGFR levels.  

For CVLT total correct (Table 8e), the main effects of eGFR were significant 

across all models (β = -0.004, p < 0.0001). This indicates that higher eGFR was 

associated with lower cognitive performance in CVLT total correct A. No interaction 

terms were found to be significant.  

 

Digit Span Backward and Forward 
 

For Digit Span Backward (Table 8f), no interaction term was found to be 

significant. The main effects of eGFR were also non-significant across all models (β 

= -0.002, p = 0.414 to 0.520).   

For Digit Span Forward (Table 8g), no interaction term was found to be 

significant. The main effects of eGFR were also non-significant across all models (β 

= 0.005, p = 0.052 to 0.073).  

 

Animal Fluency 
 

For the animal fluency test (Table 8h), no interaction term was found to be 

significant. The main effects of eGFR were also non-significant across all models (β 

= -0.0002 to -0.001, p = 0.836 to 0.968).  
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TMT-A 
 

For log(TMT-A) (Table 8i), no interaction term was found to be significant. The 

main effects of eGFR were also non-significant across all models (β = -0.0003, p = 

0.451 to 0.535).  

 

TMT-B 
 

For log(TMT-B) (Table 8l), the three-way interaction eGFR*Poverty*Race was 

significant across all models (β = 0.002 to 0.007, p = 0.671 to 0.942).  

Figure 6 depicts the three-way interaction of eGFR*Poverty*Race (predicted log 

TMT-B score by poverty and race) in Model 4. Whites above poverty had slightly 

better performance (reduced score) with greater eGFR while Whites below poverty 

and African Americans below or above poverty had either stable or slightly worse 

performance.  
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Figure 6. Predicted log TMT-B score by poverty and race. 

 

 
 

Race: 1: White; 2: African Americans. Poverty status: 1: Above poverty; 2: Below poverty. 

 

Summary of Results 
 

In summary, a significant four-way interaction (eGFR*Age*Poverty*Race) was 

only found for CVLT short-delayed recall. When examining the interaction by eGFR 

groups, the trends of decline were similar in Whites above poverty, African 

Americans above poverty, and African Americans below poverty. For Whites below 

poverty, there was a cross-over effect of participants with different eGFR levels, such 

that cognitive decline with age was largest in those with lower eGFR levels (poorer 

kidney functioning) but smaller among those with higher eGFR levels.  

Next, a significant three-way interaction of eGFR*Poverty*Race was found for 

log TMT-B. Only Whites above poverty had slightly better performance (reduced 
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score) with greater eGFR while all other groups had either stable or slightly worse 

performance.  

Lastly, significant main effects of eGFR for BVRT and the CVLT tests – total 

score and long-delayed recall - indicated that higher eGFR was associated with lower 

performance for these outcomes. No significant main effects or interactions were 

found for BTA, Digit Span Backward, Digit Span Forward, Animal Fluency, or log 

TMT-A.  
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Table 8. Results from mixed effects models for each cognitive outcome test 

8a. Results from mixed effects models for BTA with hierarchical entry of adjustment 

variables 
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Table 8a continued 
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8b. Results from mixed effects models for BVRT with hierarchical entry of 

adjustment variables 
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Table 8b continued 
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8c. Results from mixed effects models for CVLT long delayed recall with hierarchical 

entry of adjustment variables 
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Table 8c continued 
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8d. Results from mixed effects models for CVLT short delayed recall with 

hierarchical entry of adjustment variables 
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Table 8d continued 
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8e. Results from mixed effects models for CVLT total correct with hierarchical entry 

of adjustment variables 
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Table 8e continued 
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8f. Results from mixed effects models for Digit Span Backward test with hierarchical 

entry of adjustment variables 
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Table 8f continued 
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8g. Results from mixed effects models for Digit Span Forward test with hierarchical 

entry of adjustment variables 
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Table 8g continued 
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8h. Results from mixed effects models for animal fluency test with hierarchical entry 

of adjustment variables 
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Table 8h continued 
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8i. Results from mixed effects models for log(TMT-A) with hierarchical entry of 

adjustment variables 
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Table 8i continued 
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8j. Results from mixed effects models for log(TMT-B) with hierarchical entry of 

adjustment variables 
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Table 8j continued 
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Table 9 summarizes the findings by level of interaction for aim 1. 

 

Table 9. Summary of the associations between eGFR and cognitive tests by level of 

interaction (aim 1) 

 Results 

Four-way interactions CVLT short-delayed recall, all models 

Three-way interactions Log(TMT-B): eGFR*Poverty*Race, all models 

Two-way interactions NA 

Main effects BVRT: -hyp*, all models 

CVLT long-delayed recall: -hyp, all models 

CVLT total correct: -hyp, all models 

No significant findings BTA, Digit Span Backward, Digit Span Forward, 

Animal Fluency, Log(TMT-A) 

* The -hyp association indicates that higher eGFR was found to be associated with worse cognition., 

which is against the hypothesis. 
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Aim 2 Results 
 

Sample Selection 

 
For Aim 2, the sample was further selected for having all 3 kidney functioning 

variables (eGFR, albuminuria, Cystatin-C) at baseline and cognitive measures at 

either wave or at both waves. The HANDLS original sample had 3,720 participants at 

baseline (2,897 of whom had an MRV visit) and 2,468 in wave 3. After excluding 

participants based on the initial exclusion criteria, there were 2,540 participants at 

baseline, and 1,927 participants in wave 3. Further restricting to the sample with all 

available variables, the restricted sample had 638 participants at baseline and 581 

participants at wave 3. Figure 7 is a flow chart of sample selection for aim 2 in this 

study (All Ns indicate number of participants at baseline). 
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Figure 7. Flow chart of participant selection for aim 2 analyses 

 
 

 

 

 

 

 

 

 

 

 

 

  

 

Table 10 compares the characteristics of the full sample (i.e., the sample after 

applying the exclusion criteria) and the restricted sample with only completely 

available data for all variables.  The distributions of all variables were similar and the 

groups did not differ significantly (p>.05), except for eGFR and poverty status, such 

that those in the restricted sample had higher eGFR and less poverty. The restricted 

sample was used in subsequent analyses to ensure model comparability.  

 

 

 

 

Original sample (N = 3,720) 

Full sample (N = 2,540) 

Excluded  
823 without mobile medical 

research vehicle visits; 
346 with stroke, TIA, HIV, 

heart failure, dementia or 
other neurological disorders 
(brain cancer, multiple 
sclerosis, Parkinson’s 
disease and epilepsy); 

4 participants on dialysis; 

Restricted sample (N = 638) 

Excluded 1,902 with missing 
data on model variables:  
1459 missing predictor;  
339 with predictor but 

missing any cognitive 
outcome;  

104 with predictor and all 
cognitive outcomes but 
missing covariates 
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Table 10. Comparison of full sample and restricted sample (complete available data 

on all variables only) at baseline 

 

 

* P-values derived from chi-square test for categorical variables and t-test for continuous variables 

 Full sample   

(N =2,540) 

Restricted sample  

(N = 638) 

P * 

 eGFR, mean (SD) 93.7 (19.3) 96.4 (18.5) 0.002 

Cystatin C, mean (SD) 0.8 (0.2) 0.8 (0.2) 0.91 

Urine Albumin, mean (SD) 3.4 (16.2) 3.3 (13.7) 0.91 

  Age, Mean (SD) 48.4 (9.2) 48.8 (9.4) 0.35 

  Women, N (%) 1414 (55.7) 344 (53.9) 0.43 

  African American, N (%) 1468 (57.8) 344 (53.9) 0.08 

  Years of Education, Mean (SD) 12.2 (2.6) 12.1 (2.5) 0.88 

  Poverty, N (%) 1040 (40.9) 228 (35.7) 0.02 

  Smoker, N (%) 1667 (77.7) 515 (80.7) 0.11 

  Alcohol use, N (%) 1793 (83.7) 546 (85.6) 0.26 

  Drug use, N (%) 1068 (49.4) 293 (45.9) 0.12 

  CES-D score, Mean (SD) 14.8 (11.3) 14.7 (11.2) 0.86 

  Cardiovascular comorbid., N (%) 129 (6.2) 35 (5.5) 0.49 

  Diabetes, N (%) 279 (12.7) 74 (11.6) 0.45 

  Hypertension, N (%) 1005 (42.7) 277 (43.4) 0.74 

Inflammation z-score, Mean (SD) -0.01 (2.02)  -0.13 (1.54) 0.11 
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Diagnostics 

 
Distributions, indicated by Q-Q plots of the predictor variables and all 

cognitive outcomes, were examined. All distributions were close to normal except for 

the TMT-A and TMT-B tests, both of which were left skewed. As in aim 1, TMT A 

and TMT-B scores were again log transformed for analysis.  

 

Descriptive Statistics 

 
Table 11 characterizes the covariates of the baseline sample. At baseline, there 

were 638 participants, with a mean age of 48.8 (SD: 9.4) years and slightly more than 

half were women. Average number of years of education was about 12 years (SD: 

2.5). Most participants currently or previously smoked or used alcohol (80.7% and 

85.6%), and about half had used illicit drugs. Mean CES-D score was 14.7 (SD: 11.2). 

About 12% had diabetes, and close to half had hypertension. Other self-reported 

cardiovascular comorbidities were less common (5.5%) and the mean inflammation z-

score was -0.1 (SD: 1.5). There were 228 participants below poverty (low SES) and 

410 above poverty (high SES). There were 344 individuals who identified as African 

American or Black and 294 identified as White. Comparing the higher SES group 

with the lower SES group, the higher SES group was significantly older, more 

educated, more likely to use alcohol, had a much lower CES-D score, were less likely 

to have other cardiovascular comorbidities, and had a lower inflammation score (p’s 

< .05). Comparing African Americans with Whites, Whites were significantly less 

educated, less likely to use drugs, had a higher CES-D score, more likely to have 

other cardiovascular comorbidities and had a higher inflammation score (all p < .05). 

Table 12 characterizes the covariates of the sample at wave 3. At wave 3, there 

were 581 participants, with a mean age of 53.3 (SD: 9.0) years and slightly more than 
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half were women. Years of education were about 12 years (SD: 2.5). Most 

participants currently or previously smoked or used alcohol (77.8% and 84.3%), and 

about half had used illicit drugs. Mean CES-D score was 14.1 (SD: 11.3). About 11% 

had diabetes, and about half had hypertension. Other self-reported cardiovascular 

comorbidities were less common (5.2%) and the mean inflammation z-score was -0.2 

(SD: 1.5). There were 192 participants below poverty (low SES) and 389 above 

poverty (high SES). There were 335 participants that identified as African American 

or Black and 246 identified as White. Comparing the higher SES group with the lower 

SES group, the higher SES group had significantly less women, were more educated, 

more likely to use alcohol, had a much lower CES-D score, less likely to have other 

cardiovascular comorbidities and had a lower inflammation score (p’s < .05).  

Comparing African Americans with Whites, Whites had significantly less education, 

were significantly less likely to use drugs, had a higher CES-D score, and more likely 

to have other cardiovascular comorbidities (p’s < .05). 
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Table 11. Demographic, health behavior, and clinical characteristics of the baseline 
sample 
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Table 11 continued 

 

* Comparison for categorical variables: chi-square test; for continuous variables: t-test.  

† Includes both current and previous alcohol use.  

‡ Includes both current and previous drug use, the drugs include marijuana, opiates and cocaine.  

§ Includes myocardial infarction, peripheral arterial disease, and coronary heart disease.  
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Table 12. Demographic, health behavior, and clinical characteristics of the sample at 

wave 3 
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Table 12 continued 

 

* Comparison for categorical variables: chi-square test; for continuous variables: t-test.  

† Includes both current and previous alcohol use.  

‡ Includes both current and previous drug use, the drugs include marijuana, opiates and cocaine.  

§ Includes myocardial infarction, peripheral arterial disease, and coronary heart disease.  
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Table 13 provides information about the independent variables of kidney 

function and outcome variables of cognition at baseline. Comparing among SES and 

race groups in terms of kidney function and cognitive outcomes, participants with 

higher SES had lower eGFR, but performed significantly better in BVRT, CVLT 

short delay free recall, animal fluency, and TMT-A and B tests (p’s < .05). Whites 

had a significantly lower mean eGFR, higher Cystatin-C and lower urine albumin, 

and performed significantly better in all tests except BVRT and Digit Span forward 

tests (p’s < .05).  

Table 14 provides information about the independent variables of kidney 

function and outcome variables of cognition at wave 3. Comparing among groups in 

terms of kidney function and cognitive outcomes, participants with higher SES did 

not differ from those with lower SES in all kidney function indicators, and performed 

significantly better in all cognitive tests but CVLT long and short delay recall than 

those with lower SES (p’s < .05). Whites had a significantly lower mean eGFR, 

higher Cystatin-C and lower urine albumin levels, and performed significantly better 

in all cognitive tests except BVRT (p’s < .05). 
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Table 13. Kidney function and cognition of the baseline sample* 
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Table 13 continued 

 

* All variables presented as Mean (SD) and the comparison test for all variables was t-test. 
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Table 14. Kidney function and cognition of the sample at wave 3* 
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Table 14 continued 

 
 
* All variables presented as Mean (SD) and the comparison test for all variables was t-test.  
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Correlations 

At baseline, the kidney function markers were all significantly correlated with 

each other (eGFR and Cystatin-C: r = - 0.58; eGFR and albuminuria: r = -0.17; 

Cystatin-C and albuminuria: 0.25; all p’s < 0.0001). In addition, eGFR was 

significantly negatively associated with log TMT-A scores (r = -0.10, p < 0.05). 

Cystatin-C was significantly positively associated with BVRT (r = 0.10, p < 0.05) and 

negatively associated with CVLT total correct (r = -0.09, p < 0.05). Albuminuria was 

significantly negatively associated with BTA (r = -0.09, p < 0.05), CVLT long-

delayed recall (r = -0.09, p < 0.05), CVLT short-delayed recall (r = -0.08, p < 0.05), 

CVL total correct (r = -0.09, p < 0.05), Digit Span Backward (r = -0.09, p < 0.05) and 

Forward tests (r = -0.08, p < 0.05), and positively associated with log TMT-A (r = 

0.09, p < 0.05), TMT-B (r = 0.12, p < 0.05) and log TMT-B (r = 0.12, p < 0.05).  

At wave 3, all kidney function markers were significantly correlated with each 

other (eGFR and Cystatin-C: r = - 0.55, p < 0.0001; eGFR and albuminuria: r = -0.10, 

p < 0.05; Cystatin-C and albuminuria: 0.16; p < 0.05). In addition, eGFR was 

positively associated with CVL long-delayed recall (r = 0.10, p < 0.05) and total 

correct (r = 0.10, p < 0.05). Cystatin-C was negatively associated with BTA (r = -

0.16, p < 0.05), CVL long-delayed recall (r = -0.13, p < 0.05), short-delayed recall (r 

= -0.11, p < 0.05),  and total correct (r = -0.11, p < 0.05), and positively associated 

with BVRT (r = 0.14, p < 0.05), TMT-B (r = 0.11, p < 0.05) and log TMT-B (r = 

0.12, p < 0.05). Albuminuria was not associated with any cognitive outcomes at wave 

3.  

There were no correlations among the covariates that would suggest collinearity 

(all r’s < 0.50). However, among the cognitive outcomes, the sub-scores of CVLT 

(short-delay recall, long-delay recall and total correct A) were highly correlated both 
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at baseline (r = 0.86, 0.78, 0.76) and at wave 3 (r = 0.84, 0.78, 0.76) 

 

Base Models and Model Construction  

 
In order to examine how kidney function markers were associated with each 

cognitive outcome, a base model (model 0) was constructed. Columns 2, 4 and 6 in 

Table 15 show the results from these base models. For eGFR, none of the coefficients 

was significant except for log TMT-A (β = -0.001, p = 0.02). It should also be noted 

that all results were in the expected direction -- that higher eGFR would be associated 

with better cognitive performance. For Cystatin-C, coefficients were significant for 

BTA, BVRT, CVLT total correct A, digit span forward, TMT B and log TMT-B tests 

(all p < .05).  Again, all results were in the expected direction, with higher Cystatin-C 

associated with worse cognitive functioning. For albuminuria, coefficients were 

significant for BTA, digit span backward, TMT B and log TMT-B tests (all p < .05). 

All results were in the expected direction---with higher albuminuria associated with 

worse cognition.  

In addition, a separate set of models (age interaction models) was constructed to 

understand the possible effects of adding age into the model. These models included 

eGFR, age, and an interaction term of eGFR*Age. If the eGFR*Age interaction term 

was not significant, the interaction was removed from the model (i.e., the model only 

includes eGFR and Age). For all cognitive outcomes, none had a significant 

interaction term, and columns 3, 5 and 7 in Table 15 show the coefficients for the 

kidney function marker (eGFR, urine albumin or Cystatin-C) for the Age and eGFR 

only models. For eGFR, all coefficients changed direction after adding age except for 

Digit Span Forward, such that higher eGFR was associated with worse cognition. For 

Cystatin-C, the direction changed after adding age to the model for the CVLT tests 
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(long delayed recall, short delayed recall and total correct), animal fluency, and TMT-

A and B tests. Adding age also did make the coefficients nonsignificant for all the 

Cystatin-C coefficients, even those significant in the initial model (BTA, BVRT, 

CVLT total correct, Digit Span Forward, TMT-B). For urine albumin, none of the 

coefficients changed direction after adding age to the models, and the significant BTA 

coefficient moved from p <.05 in the base model to p=.06 in the model with age.  
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Table 15. Results from base and age models of kidney function markers on cognition 
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Table 15 continued  
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Mixed Effects Model Results 

 
Results from mixed-effects linear regression models were summarized separately 

for eGFR, albuminuria, and Cystatin-C in Tables 16 to 18. The inclusion of 

interaction terms varies for different outcomes due to the hierarchical backward 

elimination process described in the methods section. The covariates were added for 

each additional model as follows: Model 1 (demographics), Model 2 (demographics + 

health behaviors/negative affect), Model 3 (demographics + health behaviors/negative 

affect + cardiovascular comorbidities), Model 4 (demographics + health 

behaviors/negative affect + cardiovascular comorbidities + inflammation). The 

backward elimination procedures for each cognitive test were shown in Tables 16-18 

(Model 1 only) together with the model results. Specifically, step 1 eliminated the 

non-significant four-way interaction term; step 2 further eliminated non-significant 

three-way interaction terms; step 3 then eliminated non-significant two-way 

interactions. The elimination process was stopped at the current level if any of the 

interaction terms including kidney function was significant. Results are described 

below by test in alphabetical order and the highest interaction terms with the measure 

of kidney function are discussed.  

 

1. eGFR 

 

BTA 
 

For BTA (Table 16a), no interaction terms were found to be significant. The 

main effects of eGFR were also non-significant across all models (β = -0.001 to -

0.002, p = 0.566 to 0.849).  
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BVRT 
 

For BVRT (Table 16b), no interaction terms were found to be significant. The 

main effects of eGFR were significant across all models (β = 0.021 to 0.024, p = 

0.010 to 0.024). Because BVRT measures total errors, this indicates that higher eGFR 

was associated with lower cognitive performance in BVRT.  

 

CVLT 
 

For CVLT long delayed recall (Table 16c), no interaction terms were found to be 

significant. The main effects of eGFR were significant across all models (β = -0.014 

to -0.015, p = 0.007 to 0.017). This indicates that higher eGFR was associated with 

lower cognitive performance in CVLT long delayed recall.  

For CVLT short delayed recall (Table 16d), no interaction terms were found to 

be significant. The main effects of eGFR were significant across all models (β = -

0.016 to -0.018, p = 0.002 to 0.006). This indicates that higher eGFR was associated 

with lower cognitive performance in CVLT short delayed recall.  

For CVLT total correct (Table 16e), no interaction terms were found to be 

significant. The main effects of eGFR were significant across all models (β = -0.040 

to -0.042, p = 0.001 to 0.002). This indicates that higher eGFR was associated with 

lower cognitive performance in CVLT total correct.  

 

Digit Span Backward and Forward  
 

For Digit Span Backward (Table 16f), no interaction term was found to be 

significant. The main effects of eGFR were also non-significant (β = 0.003 to 0.004, p 

= 0.316 to 0.434).  

For Digit Span Forward (Table 16g), the four-way interaction term of 
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eGFR*Age*Poverty*Race was significant across all four models (β = 0.004, p = 

0.034 to 0.050).  

 

 Figure 8. Predicted Digit Span Forward score with increasing age by eGFR levels 

(mean ±1SD) in different racial and SES groups 

  
a. Whites above poverty                                                    b.  Whites below poverty 

 
c. African Americans above poverty                                      d. African Americans below poverty 

 

Figure 8 depicts the four-way interaction (predicted Digit Span Forward score 

with increasing age by eGFR levels in the four different racial and SES subgroups) 

seen in Model 4 by eGFR levels (mean ±1SD). The trends of cognitive decline over 

age were similar in three of the groups: Whites above poverty, African Americans 

above poverty, and African Americans below poverty. However, among Whites 

below poverty, for groups with lower or average eGFR levels, cognitive performance 
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increased with increasing age.  

 

Animal Fluency 
 

For the animal fluency test (Table 16h), no interaction term was found to be 

significant. The main effects of eGFR were also non-significant (β = 0.007 to 0.012, p 

= 0.223 to 0.471).  

 

TMT-A 
 

For log(TMT-A) (Table 16i), the three-way interaction eGFR*Age*Race was 

significant across all models (p = 0.033 to 0.042).  

 

Figure 9. Predicted log(TMT-A) score with increasing age (mean ±1SD) by race 

 

 
a. Whites                                                                               b. African Americans 

Figure 9 depicts the three-way interaction of eGFR*Age*Race (predicted log 

TMT-A score with increasing age by race) in Model 4. With increasing age, both 

Whites and African Americans had worse performance, with slightly steeper decline 

for those with lower eGFR levels in Whites and those with higher eGFR levels in 

African Americans. 
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TMT-B 
 

For log(TMT-B) (Table 16l), no interaction term was found to be significant. 

The main effects of eGFR were also non-significant (β = 0.001, p = 0.187 to 0.606).  

 

Summary of eGFR Results 

 
In summary, a significant four-way interaction term of 

eGFR*Age*Poverty*Race was found for Digit Span Forward such that lower eGFR 

was associated with better performance with increasing age among Whites below 

poverty. A significant three-way interaction of eGFR*Age*Race was also found for 

log TMT-A, however the trends were not distinguishable between the races and this 

interaction cannot be interpreted further. Significant main effects of eGFR for BVRT 

and CVLT tests indicated that higher eGFR was associated with lower performance 

for these outcomes. No significant interactional or main effects were found for BTA, 

Digit Span Backward, animal fluency and log TMT-B.  
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Table 16. Results from mixed effects models of eGFR as the predictor and each of the 

cognitive outcomes 

16a. Results from mixed effects models for eGFR on BTA with hierarchical entry of 

adjustment variables 
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Table 16a continued 
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16b. Results from mixed effects models for eGFR on BVRT with hierarchical entry of 

adjustment variables 
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Table 16b continued 
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16c. Results from mixed effects models for eGFR on CVLT long delayed recall with 

hierarchical entry of adjustment variables 
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Table 16c continued 
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16d. Results from mixed effects models for eGFR on CVLT short delayed recall with 

hierarchical entry of adjustment variables 
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Table 16d continued 
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16e. Results from mixed effects models for eGFR on CVLT total correct with 

hierarchical entry of adjustment variables 
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Table 16e continued 
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16f. Results from mixed effects models for eGFR on Digit Span Backward test with 

hierarchical entry of adjustment variables 
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Table 16f continued 
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16g. Results from mixed effects models for eGFR on Digit Span Forward test with 

hierarchical entry of adjustment variables 
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Table 16g. continued 
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16h. Results from mixed effects models for eGFR on animal fluency test with 

hierarchical entry of adjustment variables 
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Table 16h continued 

 

 

 

 



 

148 

 

16i. Results from mixed effects models for eGFR on log(TMT-A) with hierarchical 

entry of adjustment variables 
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Table 16i continued 
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16j. Results from mixed effects models for eGFR on log(TMT-B) with hierarchical 

entry of adjustment variables 
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2. Urinary Albumin Level 

 

BTA 
 

For BTA (Table 17a), no interaction term was found to be significant. The main 

effects of urine albumin level were also non-significant across all models (β = -0.002 

to -0.005, p = 0.322 to 0.732).  

 

BVRT 
 

For BVRT (Table 17b), no interaction term was found to be significant. The 

main effects of urine albumin were also non-significant across all models (β = -0.002 

to -0.007, p = 0.563 to 0.864).  

 

CVLT 
 

For CVLT short delayed recall (Table 17c), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = 0.001 to 0.003, p = 0.680 to 0.919).  

For CVLT short delayed recall (Table 17d), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = 0.001 to 0.003, p = 0.676 to 0.865).  

For CVLT total correct (Table 17e), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = 0.012 to 0.016, p = 0.324 to 0.484).    
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Digit Span Backward and Forward 
 

For Digit Span Backward (Table 17f), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = -0.006 to -0.007, p = 0.171 to 0.266).    

For Digit Span Forward (Table 17g), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = -0.006, p = 0.263 to 0.337).    

 

Animal Fluency 
 

For the animal fluency test (Table 17h), no interaction term was found to be 

significant. The main effects of urine albumin were also non-significant across all 

models (β = 0.004 to 0.007, p = 0.605 to 0.738).    

 

TMT-A 
 

For log(TMT-A) (Table 17i), no interaction term was found to be significant. 

The main effects of urine albumin were also non-significant across all models (β = 

0.00005 to 0.0002, p = 0.830 to 0.964).   

 

TMT-B 
 

For log(TMT-B) (Table 17j), the four-way interaction term of Urine 

albumin*Age*Poverty*Race was significant across all models (β = 0.005, p = 0.003 

to 0.008).  
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Figure 10. Predicted log(TMT-B) score with increasing age by urine albumin levels 

(median, Q1 and Q3) in different racial and SES groups 

 
                      a. Whites above poverty                                            b. Whites below poverty                                                             

 
 
                c. African Americans above poverty                        d. African Americans below poverty                                                

 

 
Figure 10 depicts the four-way interaction (predicted log(TMT-B) score with 

increasing age by urine albumin levels in different racial and SES groups) in Model 4. 

The plot indicates that with increasing age, all racial and SES groups had worse 

log(TMT-B) performance; this decline seemed to be less evident among Whites above 

poverty. 

  

Summary of Urine Albumin Results  
 

In summary, a significant four-way interaction of Urine 

albumin*Age*Poverty*Race was found for log(TMT-B), such that when examining 
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the interaction by urine albumin groups, all racial and SES groups had worse 

log(TMT-B) performance at older age, but this decline was less evident among 

Whites above poverty.  

For BTA, BVRT, CVLT tests, Digit Span Backward and Forward, animal 

fluency and log(TMT-A), no interactional or main effects were found for urine 

albumin.  
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Table 17. Results from mixed effects models of urine albumin as the predictor and 
each of the cognitive outcomes 

 
17a. Results from mixed effects models for urine albumin on BTA with hierarchical 

entry of adjustment variables 
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Table 17a continued 
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17b. Results from mixed effects models for urine albumin on BVRT with hierarchical 

entry of adjustment variables 
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Table 17b continued 
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17c. Results from mixed effects models for urine albumin on CVLT long delayed 

recall with hierarchical entry of adjustment variables 
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Table 17c continued 
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17d. Results from mixed effects models for urine albumin on CVLT short delayed 

recall with hierarchical entry of adjustment variables 
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Table 17d continued 
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17e. Results from mixed effects models for urine albumin on CVLT total correct with 

hierarchical entry of adjustment variables 
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Table 17e continued 
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17f. Results from mixed effects models for urine albumin on Digit Span Backward 

test with hierarchical entry of adjustment variables 
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Table 17f continued 
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17g. Results from mixed effects models for urine albumin on Digit Span Forward test 

with hierarchical entry of adjustment variables 
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Table 17g continued 
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17h. Results from mixed effects models for urine albumin on animal fluency test with 

hierarchical entry of adjustment variables 
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Table 17h continued 
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17i. Results from mixed effects models for urine albumin on log(TMT-A) with 

hierarchical entry of adjustment variables 
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Table 17i continued 
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17j. Results from mixed effects models for urine albumin on log(TMT-B) with 

hierarchical entry of adjustment variables 
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Table 17j continued 
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3. Cystatin-C 

BTA 
 

For BTA (Table 18a), no interaction term was found to be significant. The main 

effects of Cystatin-C were significant for Models 1 and 2 (β = -0.833 to -0.906, p = 

0.033 to 0.050), but became non-significant in Models 3 and 4 (β = -0.658 to -0.837, 

p = 0.053 and 0.136). This indicates that higher Cystatin-C was associated with lower 

cognitive performance in BTA when controlling for demographics, health behaviors 

and affect. 

 

BVRT 
 

For BVRT (Table 18b), no interaction term was found to be significant. The 

main effects of Cystatin-C were also non-significant across all models (β = -0.804 to -

0.007, p = 0.413 to 0.994).  

 

CVLT 
 

For CVLT long delayed recall (Table 18c), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 

models (β = 0.431 to 0.671, p = 0.243 to 0.472).  

For CVLT short delayed recall (Table 18d), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 

models (β = 0.708 to 0.859, p = 0.141 to 0.234).  

For CVLT total correct (Table 18e), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 
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models (β = 0.985 to 1.363, p = 0.287 to 0.456).  

 

Digit Span Backward and Forward 
 

For Digit Span Backward (Table 18f), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 

models (β = -0.418 to -0.581, p = 0.180 to 0.356).  

For Digit Span Forward (Table 18g), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 

models (β = -0.662 to -0.858, p = 0.057 to 0.139).  

 

Animal Fluency 
 

For the animal fluency test (Table 18h), no interaction term was found to be 

significant. The main effects of Cystatin-C were also non-significant across all 

models (β = 0.041 to 0.826, p = 0.434 to 0.968).  

 

TMT-A 
 

For log(TMT-A) (Table 18i), the three-way interaction Cystatin-C*Age*Race 

was significant across all models (β = -0.056 to -0.060, p = 0.001 to 0.002). In 

addition, the three-way interaction Cystatin-C*Age*Poverty was also significant 

across all models (β = -0.040 to -0.044, p = 0.020 to 0.036). 
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Figure 11. Predicted log TMT-A score with increasing age by Cystatin-C levels 

(median, Q1 and Q3) in different race groups 

 

a. Whites                                                         b. African Americans    

Figure 11 depicts the three-way interaction of Cystatin-C*Age*Race (predicted 

log TMT-A score by age and race) in Model 4. The plot indicates there were no 

noticeable differences of cognitive decline by different Cystatin-C levels between 

Whites and African Americans.  
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Figure 12. Predicted log TMT-A score with increasing age by Cystatin-C levels 

(median, Q1 and Q3) in different SES groups 

 

a. Above poverty                                                                         b. Below poverty 

 

Figure 12 depicts the three-way interaction of Cystatin-C*Age*Poverty 

(predicted log TMT-A score by age and SES) in Model 4. The plot indicates that there 

were no noticeable differences of cognitive decline by different Cystatin-C levels 

among those living above poverty, but the decline was steeper for those with lower 

Cystatin-C levels among those living below poverty.  

 

TMT- B 
 

For log(TMT-B) (Table 18j), no interaction term was found to be significant. 

The main effects of Cystatin-C were also non-significant across all models (β = -

0.003 to 0.141, p = 0.202 to 0.978).  

 

Summary of Cystatin-C Results 
 

In summary, significant three-way interaction terms of Cystatin-C*Age*Race 

and Cystatin-C*Age*Poverty were found for log TMT-A. However, there were no 

noticeable difference of decline in cognitive performance between the races. For 
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different SES groups, among those living below poverty steeper decline was observed 

for those with lower Cystatin-C levels.  

Next, significant main effects were found for BTA model 1 and 2 only. No 

significant main effects or interaction terms were found for BVRT, CVLT tests, Digit 

Span Backward and Forward, Animal Fluency, or log(TMT-B).  
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Table 18. Results from mixed effects models of Cystatin-C as the predictor and each 
of the cognitive outcomes 

 
18a. Results from mixed effects models for Cystatin-C on BTA with hierarchical 

entry of adjustment variables 
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Table 18a continued 
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18b. Results from mixed effects models for Cystatin-C on BVRT with hierarchical 

entry of adjustment variables 
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Table 18b continued 
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18c. Results from mixed effects models for Cystatin-C on CVLT long delayed recall 

with hierarchical entry of adjustment variables 
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Table 18c continued 
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18d. Results from mixed effects models for Cystatin-C on CVLT short delayed recall 

with hierarchical entry of adjustment variables 
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Table 18d continued 
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18e. Results from mixed effects models for Cystatin-C on CVLT total correct with 

hierarchical entry of adjustment variables 
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Table 18e continued 
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18f. Results from mixed effects models for Cystatin-C on Digit Span Backward test 

with hierarchical entry of adjustment variables 
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Table 18f continued 
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18g. Results from mixed effects models for Cystatin-C on Digit Span Forward test 

with hierarchical entry of adjustment variables 
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Table 18g continued 
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18h. Results from mixed effects models for Cystatin-C on animal fluency test with 

hierarchical entry of adjustment variables 

 

 

 

 

 



 

195 

Table 18h continued 
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18i. Results from mixed effects models for Cystatin-C on log(TMT-A) with 

hierarchical entry of adjustment variables 
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Table 18i continued 
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18j. Results from mixed effects models for Cystatin-C on log(TMT-B) with 

hierarchical entry of adjustment variables 
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Table 18j continued 

 

 

 

Table 19 summarizes the findings by level of interaction for aim 2. 
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Table 19. Summary of the associations between kidney function markers and 
cognitive tests by level of interaction (aim 2) 

 

 
 
 
* A -hyp association indicates that higher eGFR was found to be associated with worse cognition, 
which is against the hypothesis. 
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Chapter 4: Discussion 

 
The current study examined the longitudinal relationship between kidney 

function, as indicated by eGFR (estimated from creatinine-based CKD-EPI formula), 

and cognitive function over approximately five years.  It also compared the 

associations between three different kidney function markers (eGFR, urine albumin, 

and Cystatin-C) at baseline with cognitive performance. The study further examined 

whether these associations were moderated by race and SES, with sequential 

adjustment of demographics, health behaviors and negative affect, cardiovascular 

comorbidities, and inflammation. 

For Aim 1, it was hypothesized that a greater decline in eGFR would be 

associated with greater cognitive decline in all domains, and that the effects of lower 

kidney function on cognition would be more pronounced in low SES African 

Americans. Sequential adjustment of covariates was expected to attenuate, but not 

eliminate, the association. However, the findings from this study suggested few 

longitudinal associations between eGFR and cognitive performance. Associations 

with race and SES (3-way or 4-way interactions) were rarely observed. Only a single 

four-way interaction for CVLT short-delayed recall (verbal learning and memory) 

was significant, but it was not found that low SES African Americans were the most 

affected. Instead, for this specific interaction, low SES Whites with lower kidney 

function had more pronounced cognitive decline. A significant three-way interaction 

of eGFR by Race by Poverty was also found for log TMT-B. However, it was only 

found in Whites above poverty that a higher eGFR was associated with better 

cognitive performance. There were also significant main effects of eGFR for BVRT, 

CVLT long-delayed recall, and CVLT total correct, indicating that a higher/better 



 

202 

eGFR was associated with worse cognitive performance in these domains - the 

opposite direction of what was hypothesized. 

For Aim 2, it was hypothesized that lower baseline kidney function would be 

associated with greater cognitive decline even after adjusting for demographics, 

health behaviors and negative affect, cardiovascular comorbidities, and inflammation. 

It was also hypothesized that the effects of poorer kidney function on cognition would 

be more pronounced in low SES African Americans and the association of 

albuminuria with cognitive decline would be more pronounced than those for eGFR 

or Cystatin-C. However, the results suggested that an association between baseline 

kidney function and cognition was not significant in all domains for the three kidney 

biomarkers. In that regard, for baseline eGFR, even when a significant four-way 

interaction of eGFR by Age by Poverty by Race was found for Digit Span Forward in 

all models, there were no distinctive patterns other than that among Whites below 

poverty, those with lower eGFR levels had better cognitive performance with 

increasing age, which is in the opposite direction than expected. Similarly, for 

baseline urine albumin, a significant four-way interaction of Urine albumin by Age by 

Poverty by Race was found for log(TMT-B) in all models, the interaction plots did 

not reveal any notable between-group differences (by visual inspection), suggesting a 

spurious or minimal effect.  

Additional findings revealed significant differences in overall level of 

functioning between groups, however they were not in the hypothesized direction. For 

baseline eGFR, a significant 3-way interaction term of eGFR by Age by Race was 

found for log TMT-A, however upon visual inspection, both races had worse 

performance with increasing age with little difference between those with different 

eGFR levels. Significant main effects for BVRT and CVLT tests indicated that higher 
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eGFR (not lower) was associated with lower performance for these outcomes. 

For baseline Cystatin-C, significant three-way interactions of Cystatin-C by Age 

by Race and Cystatin-C by Age by Poverty were found for log TMT-A. Upon visual 

inspection, both races had decline of cognitive performance with increasing age. For 

different SES, only among those living below poverty steeper decline was observed 

for those with lower Cystatin-C levels, which is in the opposite direction than 

expected.  

In addition, significant main effects were found for BTA models 1 and 2, such 

that higher Cystatin-C levels (worse kidney functioning) were associated with worse 

performance in this outcome.  Thus, the effects of Cystatin-C on cognition were not 

worse for African Americans or those in lower SES, and the direction of effects was 

often in the opposite direction than hypothesized as demonstrated by the interaction 

plots. For the main effects of Cystatin-C on BTA, a significant association in the 

expected direction was found when adjusting for demographics and health behaviors 

and affect. This association was attenuated when cardiovascular risk factors and 

inflammation were added in the model. The results also suggested that the association 

of albuminuria with cognition level was not more pronounced than those for eGFR or 

Cystatin-C.  

The following sections will discuss these and additional findings in the context 

of the proposed aims and hypotheses and evidence from previous literature. 

 

Discussion of Aim 1 Findings 
 

The current study aimed to investigate the potential interactions among eGFR, 

race, SES, and age-related cognitive decline. Previous studies did not directly 

investigate these relations but reported a fairly consistent association between worse 
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kidney function and worse global cognition levels as well as greater global cognitive 

decline 18, 129, 8, 130, 131, 5, 132, 133. In addition, most studies that focused on cognitive 

subdomains (as opposed to global cognitive screening measures) have been 

inconsistent on which domains were the most affected by lower kidney function 20, 21, 

122, 123, 9, 124, 22, 125, 134, 4, 135, 139, 140.   Therefore, it was hypothesized that a greater 

decline in eGFR would be associated with greater cognitive decline in a range of 

cognitive domains.  

In addition, there was a lack of information on whether groups with significant 

social disadvantage, such as African Americans living in poverty, are more affected 

by the association between lower kidney function and cognitive decline. Previous 

studies that examined the effect of race reported no significant interaction between 

kidney function and race 12, 18, 137; and to our knowledge no previous studies 

investigated the effect of SES/poverty. However, African Americans and those with 

low SES experience unique societal difficulties compared to their White and/or more 

affluent counterparts 141. Both the “weathering hypothesis” 209 and the “minority 

stress model” 210 theories emphasize the cumulative exposure to stressors associated 

with systemic social disadvantages among African Americans and those with low 

SES, which would negatively affects their health outcomes. There are a variety of 

physiological responses in the neuroendocrine, autonomic, and immune systems to 

social stressors 223 The human body is constantly adapting to internal and external 

stimuli and maintaining homeostasis through a variety of stress mediators (hormones 

such as cortisol, adrenaline, and noradrenaline). When the switching on and off of 

those stress mediators is balanced, the body maintains homeostasis effectively. 

However, it is possible that some of these processes are disrupted and this can cause 

negative health effects. In terms of neuroendocrine stress pathways, cortisol is a key 
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hormone in the HPA axis to be released as a response to stress, and has a diurnal 

pattern of secretion with increased levels upon awakening and reducing levels 

throughout the day 223. Repeated activation of the cortisol response puts additional 

pressure on multiple organ systems, which can lead to negative health outcomes. 

Specifically, recent research has found that disrupted cortisol release patterns 

including heightened or blunted cortisol awakening responses or response to stress, as 

well as a flatter cortisol slope and circadian dysregulation of cortisol release, have 

been linked to a variety of health risks 224-227. In the autonomic nervous system, 

activation of the two branches of sympathetic nervous system (SNS) (associated with 

activation of the “fight-or-flight response”) and the parasympathetic nervous system 

(PNS) (associated with rest and restorative functions) is balanced normally. However, 

this balance could be disrupted with continuous activation of the SNS. An increased 

SNS tone and lowered PNS tone are associated with a whole host of health problems 

both mentally and physically, such as psychosis, hypertension, CHD and diabetes 228. 

In the immune system, stress can induce changes in gene expressions that both 

upregulate and downregulate the immune system, which can lead to inflammation-

related diseases such as heart disease and autoimmune disorders, as well as immune 

suppression 229,230. With regard to kidney function, stress promotes activities in the 

sympathetic nervous system (e.g., glucocorticoid secretion and increase of 

inflammatory cytokines), which give rise to important cardiovascular risk factors for 

CKD (i.e., hypertension, diabetes, and vascular disease) 231. In terms of cognitive 

decline, it was suggested that exposure to increased levels of glucocorticoids disrupts 

HPA-axis regulation, which further impacts hippocampal volume and memory 

performance (the “neurotoxicity hypothesis”) 232. 

From a lifespan perspective, age can be an index of the chronic exposure to 
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adversities that drive health inequalities 211,212, and older age reflects the cumulative 

effects of environmental adversities and increased biological vulnerability. To 

illustrate, SES interacts with race across the lifespan for cognitive outcomes, as 

parental and individual SES are strongly implicated in cognitive development and 

decline across the lifespan in African Americans 16,172-175. Therefore, it was 

hypothesized that low-SES African Americans would be more vulnerable to the 

impact of lower kidney function on cognition over time. However, we found little 

evidence of associations of eGFR with decline in any of the cognitive domains 

examined by this study with perhaps the exception of verbal memory (CVLT short-

delayed recall), which was the only measure that displayed significant differential 

decline as a function of race and SES. Importantly, since the current study focused on 

multiple cognitive outcomes but only had one single finding in the domain of verbal 

memory, it cannot be ruled out that this finding was a result of type I error and was 

spurious. Nonetheless, the finding will be discussed in detail below. 

Unexpectedly, the only significant four-way interaction (i.e., 

eGFR*race*SES*age) found for CVLT short-delayed recall demonstrated that the 

effect of worse kidney function on cognitive decline over time (in verbal memory) 

was more pronounced among Whites below poverty only.  Interestingly, the four-way 

interaction was only significant for CVLT short-delayed recall, but not for other tests 

of CVLT – long-delayed recall and total correct.  

The lack of finding a worse impact among African Americans living in 

poverty could be a result of unexpected observed eGFR and cognitive changes over 

time that manifested differently in demographic groups. Survival effects may be at 

play as well. Previous research has indicated that cognitive function of Black 

participants seemed to be more robust to the effects of aging above a certain age 
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threshold because of a selective survival effect 233. However, the finding from this 

prior study on Black survival effect was in the domain of inductive reasoning only, 

and verbal memory was not investigated. It is possible that this survival effect might 

also exist for verbal memory. It is also possible that the learning effects of the 

neuropsychological tests contributed to this observation. To examine possible 

learning effects, it would be helpful to analyze individual performance changes over 

time, and factor in the models the number of time points participants contributed, as 

well as to analyze participants who had increased cognitive performance over time as 

a subsample.  

The visually different cross-over effect observed among Whites below poverty 

(seen in CVLT short recall) could also be due to data imbalance. Despite a goal of 

balanced samples in HANDLs by race and SES, there was a smaller sample for 

Whites below poverty (N = 493 at initial accrual, vs. Whites above poverty: N = 

1030, AAs above poverty: N = 1157, or AAs below poverty: N = 1043) 23. Given the 

smaller sample size for Whites below poverty, there might be difficulties recruiting 

participants from this subgroup in the HANDLS study, therefore contributing to a 

potentially more biased sample and the unusual findings among this group. It is also 

possible that, aside from a possible data artifact, the risk profile for disadvantaged 

Whites is different than other race/SES groups, and it might have contributed to the 

differentiation of cognitive decline by eGFR levels in this group. In recent years, there 

has been an increase of morbidity and mortality among middle-aged non-Hispanic 

Whites in the U.S., which has not been seen in other racial and ethnic groups, and in 

older adults 234. The three leading causes of death that attribute to this rising trend 

were suicide, drug and alcohol poisoning, and chronic liver diseases and cirrhosis; 

this decline was most marked among those with less education 234. These causes, 
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coined “deaths of despair”, are self-destructive health behaviors associated with 

financial insecurity, lack of economic opportunities, and a pessimistic economic 

outlook 235. These rising trends of risk factors among Whites living in poverty might 

have made them more susceptible to the effects of lower kidney function on 

performance in the verbal memory domain, and thus contributed to the finding of 

more pronounced effects in this group. In the context of this, it is possible that the 

distributions of the health behavioral and chronic health issues such as alcohol use, 

drug use and comorbidities (such as hypertension and diabetes) among Whites below 

poverty in the current sample are more severe than other groups. Upon checking the 

descriptive statistics of the subgroups in the analytical sample, the prevalence of 

diabetes was higher among Whites below poverty. Specifically, for Aim 1, the 

proportion of participants with diabetes was 14.8% for Whites above poverty, 21.6% 

for Whites below poverty, 17.4% for AAs above poverty, 15.9% for AAs below 

poverty. For alcohol use, it was 89.8% for Whites above poverty, 85.5% for Whites 

below poverty, 88.4% for AAs above poverty, 81.5% for AAs below poverty. For 

drug use, it was 44.5% for Whites above poverty, 47.3% for Whites below poverty, 

55.0% for AAs above poverty, 61.3% for AAs below poverty. For hypertension, it 

was 43.2% for Whites above poverty, 46.8% for Whites below poverty, 53.0% for 

AAs above poverty, 53.8% for AAs below poverty. For other cardiovascular 

comorbidities, it was 4.8% for Whites above poverty, 9.2% for Whites below poverty, 

2.8% for AAs above poverty, 8.5% for AAs below poverty. The numbers are similar 

for Aim 2 sample.   Thus, even though we controlled for these factors, these is some 

suggestion that white below poverty may differ in serval factors (e.g., diabetes, other 

cardiovascular diseases) that could impact both kidney functioning and cognition, 

although there may be other unmeasured confounders in this relationship. 
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On the other hand, while untested, it is possible that African Americans living 

in poverty who have experienced racial disparities historically, might have cultivated 

community- or cultural-based coping strategies when facing health problems through 

the generations. This was previously suggested for a HANDLS study on food 

insecurity where it was observed that African Americans were better able to buffer the 

impact of food insecurity on diet quality than Whites 236. For Whites living in poverty, 

however, the social disadvantage might be a more recent phenomenon with less 

readily available coping resources.  

In addition, it is possible that the greater impact of poor kidney function on 

cognition in Whites below poverty was sample specific. The unique stratification of 

race/SES groups of the HANDLS study and the specific environment of Baltimore 

city neighborhoods might have contributed to this unusual finding among low SES 

Whites. Previous research on low-income neighborhoods in Southwest Baltimore 

revealed that racial differences in health outcomes were largely diminished, except 

that the White residents were more likely to smoke 237. It is not certain if there are 

other unknown confounders that are associated with kidney disease and cognition 

among low-income Baltimore Whites. 

Moreover, although the impact of race inclusion in estimating equations on 

disparities in health was not investigated extensively, it is possible that the black race 

coefficient used in the CKD-EPI formula has biased the results of the current study. In 

2020, a National Kidney Foundation and the American Society of Nephrology task 

force reexamining the role of race in eGFR equations was established 238 and their 

final report recommended race to be excluded from GFR estimating equations. 

Specifically for the CKD-EPI equation used in the current study, it was found that the 

existing formula demonstrated a small bias (overestimation of GFR), large 
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imprecision, and overall worse accuracy for Blacks as compared to non-Blacks 239. 

Although it’s not known how the accuracy problem of the current CKD-EPI formula 

impacted our analysis, it might have masked the health disparities that could 

otherwise be uncovered for low SES African Americans in the current study.  

Given that the CVLT finding was the only outcome where a significant 

prospective effect was seen on a single test of verbal learning and memory out of the 

multiple cognitive tests examined, it could be spurious and warrants replication and 

further investigation in the future.  

Several additional findings were noted in the current investigation after 

backward elimination of all nonsignificant interaction terms. That is, overall, there 

were significant main effects between eGFR and visual memory (BVRT), as well as 

verbal learning/memory (CVLT long-delayed recall and total correct); but 

unexpectedly, each of these results indicated that a higher (better) eGFR was 

associated with worse cognitive performance. Previous literature (reviewed in detail 

below) supports a significant positive association (lower eGFR associated with lower 

cognitive performance) in these domains. Unexpectedly, the current study found that 

the direction of the association was the opposite to what was established by some, if 

not all, of previous studies. This issue does not seem to have resulted from eGFR 

values outside of the normal clinical range, as in the current sample the average eGFR 

value was 95.0 ml/min/1.73m2 (SD 18.7).  

For visual memory, previous studies reported findings of a positive 

association (higher eGFR, better cognitive performance). For example, cross-

sectionally, the sixth wave of the MSLS study indicated that eGFR < 60 

ml/min/1.73m2 was associated with significantly greater odds of poor performance in 

a composite score reflecting visual spatial organization and visual memory 20. It 
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should be noted that the dichotomized nature of eGFR in this analysis might 

emphasize the reduced effect of lower eGFR on cognitive function more so than the 

current study, and the MSLS sample had more low-eGFR participants (eGFR < 60, 

about 15% vs. approximately 3% with eGFR < 60 in HANDLS). For the MSLS 

sample, using both the sixth and seventh waves 139, a significant association was no 

longer found between baseline renal function and changes in visual-spatial 

organization and memory. The null findings from the above studies (which were 

cross-sectional and/or used baseline eGFR to predict cognitive change) do not provide 

evidence of whether there is a longitudinal association between eGFR and cognitive 

performance. In addition, the association between lower kidney function and visual 

memory or verbal learning and memory was more consistently observed among 

studies that had a lower mean eGFR than those with a higher mean eGFR. 

Longitudinal studies had varied findings regarding visual memory (the 

cognitive domain measured by BVRT): the sixth and seventh waves of MSLS 139 

reported no association between eGFR and a composite score reflecting visual-spatial 

organization and visual memory over time (5 years of follow-up); however, the BLSA 

study 140 found a significant association between change in visual memory with renal 

function decline over a mean follow-up time of 7.7 years. In terms of the ranges for 

eGFR, both studies had the majority of participants falling within the normal range 

(MSLS: mean 78.4; BLSA: mean 103.2 with SD 26.6; HANDLS mean 95 SD 18.7).  

should be noted that visual-spatial organization and memory were measured by a 

composite score (which measured not only visual memory and visuospatial problem 

solving but also visuospatial perception, and some aspects of abstract reasoning and 

executive function) for MSLS, and in BLSA visual memory was measured by BVRT, 

which was also used in this study. For verbal learning and memory, both studies 
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reported a significant positive association.  

Among previous studies, the BLSA 140 was methodologically the most similar 

to the current study, as it measured both kidney function and cognition at multiple 

time points, and employed a similar panel of neuropsychological tests. However, 

BLSA reported a significant positive association between decline in verbal 

learning/memory and visual memory (measured by the BVRT and CVLT tests, as 

also used in the current study) with renal function decline (measured by changes in 

1/SCr and eGFR) over an average follow-up time of 7.7 years. The BLSA study used 

1/Scr as the indicator of kidney function, as the formula of eGFR already captures 

complex factors that influence creatine levels, i.e., age, sex, and race. The current 

study had similar findings in the same cognitive domains, but in the exact opposite 

direction, i.e., higher eGFR was associated with lower performance in visual memory 

and verbal learning/memory. It is important to note that the BLSA sample differs 

from the HANDLS sample in a few important variables, most importantly that the 

BLSA sample was recruited as a snowball sample of volunteers, and was a majority 

White sample (85%) as compared to more than 50% African Americans in the current 

analytical sample based on HANDLS. The BLSA sample was also more educated 

(mean 16 years vs. 12 years in HANDLS) and much less likely to be smokers (20% 

vs. 80%).  

For verbal learning and memory, previous cross-sectional studies reported 

findings of either a positive association (higher eGFR, better cognitive performance) 

or no association. The HERS study 122 (study sample of older women with coronary 

artery disease) found that lower eGFR was associated with worse verbal 

learning/memory cross-sectionally. At least half of participants in the HERS study 

had impaired kidney function indicated by a lower average eGFR of 57.3 (SD: 13.9). 
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However, findings from the NSHD birth cohort in the UK suggested that there was no 

association between eGFR and verbal memory or letter search 22. The NSHD sample 

mostly had eGFR in the normal range, with a median of 96.8. Again, the sixth wave 

of the MSLS reported no association between baseline eGFR < 60 ml/min/1.73m2 and 

verbal memory 20. The discrepancy between HERS and NSHD could be due to the sex 

difference in this association, as HERS was a strictly female sample. The sixth and 

seventh wave of the MSLS study 139, which was methodologically most similar to the 

current analysis, did not find an association between baseline eGFR and changes in 

verbal learning/memory. The MSLS sample had lower average baseline eGFR than 

reported in the current study and used composite scores to measure performance in 

verbal memory, rather than using distinct tests such as CVLT. It is worth noting that 

in the current study, for this domain, a significant interaction was only revealed for 

short-delayed recall for Whites below poverty, and for other CVLT tests (long-

delayed recall and total score) a significant main effect for all groups was observed. 

For measures of verbal episodic memory like CVLT, one prior study has suggested a 

differentiation between the neural correlates of immediate recall, delayed recall, and 

cued recall 240. Specifically, using a similar test (Rey Auditory Verbal Learning Test, 

AVLT), it was found that delayed recall was only associated with the volume of the 

hippocampus, while immediate recall was correlated most strongly with cortical 

thickness of the temporal pole 240. On the other hand, prior evidence suggests that 

both AVLT short-term delayed recall and long-delayed recall tests were equivalent in 

the detection of MCI 241. It remains unknown why different patterns of results were 

noted for the CVLT long-delayed recall, short-delayed recall, and total score in the 

current study. Further, it is difficult to compare the findings from MSLS to those from 

the current study as the latter did not examine subgroup effect variation or specific 
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test scores as outcomes; a composite score for verbal learning/memory was used. 

Again, some of the findings in the current study were in the opposite direction as 

expected, and may be spurious.  

In terms of cognitive flexibility (TMT-B), most of previous studies did not 

report a significant finding. Cross-sectionally, the HERS study 122 and the EAS 126 

study found a significant association between eGFR and TMT-B performance. While 

OSHPE 9 and KLoSHA 123 did not find such an association. It should be noted that 

HERS is an all-female sample and EAS used structural equation modelling for its 

analysis, and it would be difficult to parse out the effects of other tests loaded on the 

factor of executive function. For studies that examined cognition over time, the MrOS 

study found an association between eGFR and TMT-B at baseline but no association 

over 4.6 years of follow-up 135. The BLSA study also did not find an association 

between eGFR and TMT-A or B over 7.7 years of follow-up 140. It is not known why 

for the current study, only Whites above poverty displayed a trend of cognitive 

decline with decreasing eGFR while all other groups displayed stable or better 

cognitive function with decreasing eGFR. Again, this effect might be spurious.  

There are several possible reasons for the findings we found in the unexpected 

direction. First, sequential adjustment of adding some covariates might have changed 

the direction of the associations. This can be indirectly supported by the observation 

that in the base models, a lower eGFR was associated with lower performance in all 

cognitive tests (as we hypothesized), but in the final models a lower eGFR was 

associated with better performance for some outcomes. Further investigation was 

conducted by adding each covariate in the models sequentially and it was found that 

age was the variable that changed the direction of association between eGFR and 

cognitive outcomes. Interaction plots of eGFR by Age showed that cognitive 
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performance decreased with age for all outcomes but participants with higher eGFR 

had worse cognitive performance. It should be noted that age, in the current analysis, 

was time-varying, and therefore functioned as an indicator of both the age of the 

participant at a particular point of time, and an indicator of time passed from baseline 

to the second time point (wave 3). It was possible that age moderated the association 

between eGFR and cognitive outcomes, but the interactions with age were not 

consistently significant in this case. The fact that in this sample age functioned as both 

an indicator of age and passage of time might have diminished the clear delineation of 

the nature of this effect. 

This issue was further complicated by the unexpected direction of change in 

eGFR over time from wave 1 to wave 3 in the HANDLS sample. It was expected that 

average eGFR would be lower (worse kidney function as an aging effect) at wave 3 

than baseline, but the opposite was found for average eGFR (i.e., wave 3 eGFR was 

higher than baseline eGFR). This data anomaly cannot be explained by the 

interpretability challenges raised from using the CKD-EPI formula (i.e., including 

age, along with race and sex as parameters in the estimating equation) because the 

same pattern was observed with raw creatinine levels. It is possible that this pattern is 

due to selective attrition in terms of eGFR, such that healthier individuals (those with 

higher eGFR) were more likely to be included in subsequent waves.  

 

This concludes the specific discussion for Aim 1 findings regarding the 

association between longitudinal change of kidney function measured by eGFR and 

cognition, and the potential moderating effects of race and SES. The implications of 

Aim 2 findings will be detailed below and conclusions from both aims will be 

summarized thereafter.  
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Discussion of Aim 2 Findings  
 

For Aim 2, it was hypothesized that worse baseline kidney function across 

multiple measures (eGFR, albuminuria, Cystatin-C) would be associated with greater 

cognitive decline even after adjusting for covariates and the effects of poorer kidney 

function on cognition would be more pronounced in low SES African Americans. It 

was also hypothesized that the association between urine albumin with cognitive 

decline would be more pronounced than those for eGFR or Cystatin-C.  

The hypothesis that the impact of poorer baseline kidney function on cognition 

would be more pronounced in low SES African Americans was informed, as in Aim 

1, by the social disadvantages experienced by African Americans and/or those living 

in poverty, indicated by the “weathering hypothesis” 209 and the “minority stress 

model” 210 theories.  

In the next sections, the specific findings for three kidney markers and 

possible contrast and comparison between them will be discussed in detail. 

 

eGFR 

As mentioned above in Aim 1 discussions, previous studies consistently 

reported an association between kidney function, as measured by eGFR, and global 

cognition or global cognitive decline 18, 129, 8, 130, 131, 5, 132, 133, but have been 

inconsistent on which cognitive subdomains were the most affected by reduced eGFR 

20, 21, 122, 123, 9, 124, 22, 125, 134, 4, 135, 139, 140.  Therefore, it was hypothesized that baseline 

eGFR would be associated with decline across domains.  

There was a significant four-way interactions of baseline eGFR, poverty, race, 

and age found for Digit Span Forward in relation to cognitive performance over two 
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time points. Elimination of the four-way interaction term revealed significant three-

way interactions of eGFR by Age by Race for log TMT-A (attention and visuomotor 

scanning). It should be noted that for Aim 1, no significant interactions were found 

for Digit Span Forward. Instead, a significant four-way interaction was found for 

CVLT short-delayed recall. The findings for Aim 2 for eGFR overlap with Aim 1 

findings in the domains of visual memory and verbal learning and memory (with 

distinct subgroup effects in Aim 1), and were distinct for the findings in the 

attention/processing/executive function domain (three-way eGFR and Poverty and 

Race for log TMT-B in aim 1 and log TMT-A and Age and Race for eGFR in aim 2).  

With respect to the significant finding for the Digit Span Forward test, prior 

cross-sectional studies did not find an association between reduced eGFR and 

attention/working memory (measured by Digit Span tests). Three cross-sectional 

studies reported null findings. The sixth wave of the MSLS study did not find that 

higher odds of poor performance was associated with eGFR < 60 ml/min/1.73m2 for 

the composite score of working memory described above 20.  It is possible that the 

expanded definition of the composite score contributed to the negative finding in the 

working memory domain for MSLS. Findings from the EAS study also suggested no 

association between eGFR and Digit Span 126, again the EAS sample is older and with 

lower mean eGFR (mean age: 79.8 SD 5.5 and mean eGFR 64.8 SD 17.0 vs. mean 

age 48.5 SD 9.1 and mean eGFR 95 SD 18.7 in HANDLS). Similarly, the KLoSHA 

study reported no significant association between eGFR and performance on both of 

the Digit Span tests 123. It should be noted that the sample for KLoSHA is different 

from the HANDLS sample because it was racially different (a Korean sample), and 

was older and sicker (all participants over 65 vs. mean age 48.5 and SD 9.1 in 

HANDLS, 45% of participants with eGFR < 60 vs. 3% in HANDLS, and higher 
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proportions with diabetes and hypertension: 30% and 70% vs. 12.4% and 46.2% in 

HANDLS). Among prior longitudinal studies, only one study identified a similar 

association in working memory (Digit Span Forward). The Rush Memory and Aging 

Project investigated baseline eGFR and changes in multiple cognitive domains, and 

found an association between lower baseline eGFR and decline in performance for the 

working memory subscale – a composite of Digit Span Forward and Backward and 

the Digit Ordering test – over approximately 3.4 years 4. However, it is not clear 

whether only the attentional component of the working memory (as represented by 

Digit Span Forward) subscale contributed to this significant association. In addition, 

the Rush sample is older than the HANDLS sample (mean age 80.6 SD 7.46). In 

contrast, findings from the sixth and seventh waves of the MSLS reported no 

significant associations between changes in kidney function and changes in a working 

memory composite that includes attentional tests over 5 years of follow-up 139. 

However, the working memory composite used in MSLS consisted of Digit Span 

tests, letter-number sequence, and Controlled Oral Word Associations, and therefore 

any association with basic attentional function is unclear. These additional tests 

measure verbal fluency and executive functioning as well. 

It is not known whether the pattern of increased performance of Digit Span 

Forward over time among Whites below poverty was an artifact, as all other groups 

displayed a decline of performance with age. This effect observed among Whites 

below poverty might be due to a selection effect. This association among Whites 

below poverty was in the opposite direction as expected and might be spurious.  

With respect to significant main effects, higher baseline eGFR was found to be 

associated with lower levels of performance in visual memory (BVRT) and verbal 

learning and memory (CVLT tests) but opposite to the expected direction (high eGFR 
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was found to be associated with low cognitive performance). This is similar to the 

findings of aim 1 in terms of domains and directionality.  

For visual memory, previous cross-sectional studies did not consistently find 

a significant positive effect of eGFR 20, 123. For studies that used baseline eGFR to 

predict cognitive change over time (as done in this aim), no association was found 

between baseline eGFR and changes in visual memory 4, 139. However, the current 

study found that a significant association exists between eGFR and visual memory, 

such that higher eGFR (better kidney functioning) was associated with lower levels of 

cognitive performance. It should be noted that both samples from previous studies 4, 

139 had lower average eGFR at baseline than that was reported in the current study (59 

and 78.4 ml/min/1.73m2 , respectively, vs. 96.4 for HANDLS at baseline) and they 

both used composite scores to measure performance in the visual memory domain, 

rather than using a single test, such as BVRT. These methodological differences 

might have contributed to the different finding in the current study. However, it also 

cannot be ruled out that the finding for visual memory for the current study is 

spurious.  

For verbal learning and memory, cross-sectionally, previous studies 

reported null or positive findings 122, 22, 20, 139. The MSLS study 139 did not find such an 

association between baseline eGFR and changes in verbal learning/memory. Again, 

the MSLS sample had lower average baseline and used composite scores (rather than 

distinct tests) to measure performance in verbal memory.  

The results for eGFR in the current aim raise interpretability issues similar to 

those in aim 1. Given the scattered finding for working memory/complex attention 

(Digit Span Forward), visual memory (BVRT) and verbal learning/memory (CVLT 

tests), it cannot be ruled out that the effects in these domains were spurious. Again, all 
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previous studies that found a significant association between cognitive performance 

and eGFR had results in the opposite direction as the findings in this study. This 

might be largely due to the fact that there was a much larger age effect than the effects 

of kidney function. Therefore, when age was added to the model, the direction of the 

association of eGFR and cognitive measures was “flipped”.  

The evidence from Aim 2 for any significant finding seemed to be slightly 

weaker than that for Aim 1, since there was no scientific reason to suggest an 

association between lower eGFR and better cognitive performance, as the direction of 

the findings from Aim 2 were consistently in the opposite direction to the expected. 

Because of the fixed (at baseline, rather than time-varying) nature of kidney function 

markers in Aim 2, it was not possible to elucidate the association between kidney 

function loss and cognitive decline over time in Aim 2, as in Aim 1. Therefore, Aim 2 

analysis could only answer the question of whether kidney function at a single point 

of time is associated with change in cognitive performance. In addition, the findings 

from Aim 2 might be due to insufficient power to detect such an effect, as sample size 

for Aim 2 was about half of that of Aim 1 (N = 638 vs. N = 1,206). The initial power 

calculation for this study was based on the full HANDLS sample of 1,694 individuals 

in the follow-up visit. However, to ensure results comparability between kidney 

function markers, the actual sample for Aim 2 was significantly reduced since 

Cystatin-C was collected only from a subsample of participants.  

 

In summary, among Whites below poverty, higher baseline eGFR was 

significantly associated with lower performance in the domain of working 

memory/complex attention (Digit Span Forward). In addition, across the entire 

sample, higher baseline eGFR was also found to be associated with reduced 
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performance in visual memory and verbal learning and memory. All of the findings 

for eGFR were in the opposite direction as expected and found by previous studies, 

therefore they might be spurious.  

 

Urine Albumin 

The current study only found a significant four-way interaction of Urine 

albumin by Age by Poverty by Race for log(TMT-B). 

For urine albumin, there was no evidence that the effects for African 

Americans below poverty were the most pronounced. Only one significant four-way 

interaction of Urine albumin by Age by Poverty by Race was found for log(TMT-B) 

(cognitive flexibility), but no differentiation of trends in cognitive decline by 

race/SES subgroup was observed in the slopes, therefore this effect was likely 

spurious. There was no sufficient evidence from previous literature to conclude 

whether there is an association between urine albumin and executive function. Two 

cross-sectional studies examined this topic and reported contradictory results. The 

NAME study 127 found an association between higher ACR and reduced performance 

on an executive function composite (specifically for DSST and TMT-B), while the 

Maastricht Study reported that UAE ≥ 30 mg/24 h was associated with lower overall 

cognitive performance and information processing speed, but not in domains of 

memory function or executive function 10. It should be noted that measurement from 

both studies differed from the current study in terms of urine albumin (spot urine test 

of albumin level vs. ACR vs. dichotomous UAE) as well as executive function 

performance (TMT-A and B vs. composite of DSST and TMT-B vs. Stroop Color-

Word Test and Concept Shifting Test). Because of these measurement differences, it 

is difficult to directly compare the results of those two studies with those of the 
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current study. Specifically, ACR is a ratio of albumin to creatinine, and not solely 

dependent on urine albumin, and UAE is commonly used with a cut-off to indicate 

albuminuria, while in the current study a continuous variable of urine albumin was 

used. On the other hand, the executive function measurements used in previous 

studies were either more expansive (i.e., a composite score) than used in current study 

or targeted at slightly different processes (e.g., using Stroop test).  

 

In summary, a significant four-way interaction of Urine albumin by Age by 

Poverty by Race was found for cognitive flexibility/set switching TMT-B). However, 

no differentiation of slopes was detected in the interaction plots and no further 

interpretation of subgroup effects could be achieved.  

 

Cystatin-C 

For Cystatin-C, African Americans below poverty were not found to be the 

most affected. In that regard, for TMT-A (processing speed), interaction plots of the 

three-way interactions Cystatin-C by Age by Race and Cystatin-C by Age by Poverty 

did not show notable differences between subgroups in terms of cognitive decline 

with age.  

Few previous studies examined its impact on global cognition or cognitive 

decline 11, 12, 128, and no studies reviewed the association between Cystatin-C and 

cognitive subdomains or its related racial/SES patterns. The cross-sectional 

Tanushimaru Study found that higher Cystatin-C was significantly associated with 

lower MMSE scores, after adjusting for age and sex 128. A cross-sectional study based 

on an older sample from NHANES 1999 – 2002 found that higher Cystatin-C levels 

were significantly associated with cognitive impairment (defined by DSST score < 
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31) 11. However, these two studies focused on older populations (Tanushimaru age: 

65.8 SD 11.3; NHANES mean age 70 years) and was focused on general cognition 

rather than any specific domains. One previous study (Health ABC) examined race 

interactions but did not find any evidence for an association between Cystatin-C and 

cognitive decline 12. It should be noted that similar to the current study, the Health 

ABC sample also had an even split of African Americans and Whites but was older 

(mean age 74 years). It is possible that the narrower range of age contributed to the 

null findings from the Health ABC sample as opposed to the HANDLS sample.  

For main effects, there were significant negative associations found between 

BTA performance with Cystatin-C levels for models 1 and 2, suggesting that higher 

baseline Cystatin-C levels (worse kidney function) were associated with worse 

cognitive performance in attention (in the expected direction). Previous studies did 

not report any findings in this domain, but instead in global function and executive 

function (measured by DSST) only 11, 12.  Cystatin-C has been found to be associated 

with microbleeds, but not with brain amyloid-β in an oldest-old population, which 

indicates that microvascular pathology (as opposed to Alzheimer’s pathology) may be 

responsible for CKD-associated cognitive impairment 242. It is possible that vascular 

factors mediated the relationship between Cystatin-C and performance in attention 179. 

On the other hand, recently Cystatin-C has been suggested as a predictor of 

cardiovascular diseases and events, and is suspected as an independent marker of 

atherosclerosis and inflammation 243. Although the relationships among Cystatin-C, 

cardiovascular factors and inflammation are not fully understood, they are indeed 

connected to each other in the pathway of kidney function decline and cognitive 

decline. This is evidenced by the observation that in our sample, adjustment of 

cardiovascular factors attenuated the effects of Cystatin-C on performance in 
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attention, and additional adjusting for inflammation further attenuated those effects.  

 

In summary, for cognitive flexibility, there were equivocal findings regarding 

subgroup effects and directionality, and these interactions might be spurious. Across 

the entire sample, higher baseline Cystatin-C levels (worse kidney functioning) were 

associated with worse cognitive performance in attention, and the effects attenuated 

after adjusting for cardiovascular risk factors and inflammation. 

 

Comparing Different Kidney Function Markers 

Examining the results from the different kidney markers in the current study, 

all three had some effects on the executive function domain, with additional related 

findings in working memory (eGFR) and attention (Cystatin-C). 

Previous studies that examined multiple markers indicated that there were 

associations found for albuminuria or Cystatin-C, but not eGFR 7, 10, 128, 11, 6, 136. In our 

study, although significant findings were reported for all three markers, the 

interpretability challenges were greater for the findings for eGFR, as all associations 

were found in the opposite direction than expected (worse eGFR associated with 

better cognition). The interactive patterns were also not clear about the most affected 

subgroups. For urine albumin and eGFR, no distinct subgroup patterns were detected 

in the interaction plots of the significant four-way interaction (cognitive flexibility, 

albumin on TMT-B) and three-way interaction (processing speed, eGFR on TMT-A). 

For Cystatin, higher baseline Cystatin (worse kidney function) was associated with 

steeper decline among those living below poverty in the domain of processing speed 

(TMT-A). It is likely that kidney function measured by eGFR, urine albumin and 

Cystatin were associated with the executive function, but it is not clear which 
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racial/SES group would be the most affected. Previous cross-sectional studies focused 

on the impact of cognition by eGFR, albuminuria, and Cystatin-C (including all three 

measures) reported a significant association between albuminuria indicated by 

categories of UAE (but not eGFR) with worse general cognition and executive 

function 7 and information processing speed 10. Albuminuria and higher Cystatin-C 

(but not SCr or SCr-based eGFR) were also found to be associated with worse general 

cognition 128, 11. Studies that used baseline kidney function to predict cognitive 

changes had similar findings (associations for albuminuria, but not eGFR) 6, 136. These 

findings were inconsistent in the specific domains impacted. The current study found 

that eGFR, urine albumin and Cystatin-C, were associated with a dimension of 

executive function – processing speed or cognitive flexibility, with possible distinct 

race/SES subgroup patterns. However, the subgroup effects from the current study 

were not consistent and were contrary to the expected more pronounced effects 

among groups experiencing social disadvantage (e.g., low-SES, AA). Furthermore, 

there was a four-way interaction in working memory/complex attention (Digit Span 

Forward) found for eGFR and an association between Cystatin-C and attention 

(BTA). As the domains of executive function, working memory and attention are 

closely related 244, it is possible that there is a larger association of kidney function 

with higher cognitive functions such as executive function and working memory, with 

a shared component of attention.  

 

This concludes the discussion for Aim 2 findings of how kidney function 

measured by three different markers (eGFR, urine albumin, Cystatin-C) at baseline 

was associated with cognitive change. In the next sections study limitations and 

strengths, future directions, implications and public health significance, and 
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conclusions will be discussed based on the overall design and findings of the current 

study.  

 

Study Limitations and Strengths 
 
Strengths 

This study had a number of strengths over previous work. First, this study 

used two waves of data collected from participants living in the community, which 

provides insight to how decline in eGFR relates to decline in cognitive function in the 

general population. Few previous studies examined community-residing populations 

with data from more than one time point.  

Second, cognitive decline was measured by a battery of neuropsychological 

tests focused on specific cognitive subdomains. Many previous studies used an 

overall test (e.g., MMSE) to measure overall cognition as opposed to a cognitive 

battery. Using different neuropsychological tests, it was possible to detect which 

cognitive subdomains are affected more than others.  Having information on specific 

cognitive domains affected could also provide information relating to potential 

mechanisms of the impact of kidney function. 

Third, the HANDLS study was specifically designed to have evenly 

distributed sex, racial, and SES composition to enable the exploration of racial and 

SES patterns of the association between kidney function and cognition. Previous 

studies were not able to investigate this in depth with samples that were imbalanced in 

race and SES distributions (mostly white or relatively highly educated). It should be 

noted that in the analytic samples of this study, even distributions of 1: 1 on race and 

poverty were not maintained. Despite this, there was still a reasonable large group of 

African Americans and those living below poverty included in the analysis to provide 



 

227 

adequate analytical power to detect differences by sex, races, and SES.  

 
Limitations 

The study also had some notable limitations. First, this is an observational 

study, and the impact of selection bias and effects from attrition cannot be eliminated. 

Although HANDLS sample employed a stratified design for race and SES, there was 

differential entry for race and SES subgroups; and this resulted in a relatively smaller 

sample for Whites living below poverty. This imbalance of subgroup sample sizes 

might contribute to difficulties in comparing among-group results. Moreover, survival 

of healthier participants at follow-up would reduce the magnitude of the impact of or 

possibly change the direction of the association between kidney function and 

cognition. Indeed, there were persistent directionality issues for findings on eGFR. 

This survival effect was not universally present in all race, SES, and age subgroups. 

There may have also been differential impact of a learning effect of the 

neuropsychological tests, which poses more challenges on the interpretation of the 

findings.  

Second, the HANDLS sample might be too young and too healthy (in terms of 

kidney function) to detect the possible cognitive changes affected by kidney function 

decline. The age ranges in HANDLS were 29.8 to 66.2 years old (mean: 48.3, SD: 

9.4) at baseline and 32.9 to 73.0 years old (mean: 53.0, SD: 9.0) at wave 3. It is 

possible that the target starting age for the effect of kidney issues on cognition (if any) 

is much older. Indeed, the vast majority of previous studies which reported an 

association used older samples.  

Third, the measures of kidney function might not be ideal and clinically 

relevant in the current study. First, the black race coefficient used in the CKD-EPI 

formula might have biased the results of the current study. A recent NKF and ASN 
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task force report suggested that the CKD-EPI equation has a small bias resulting in 

overestimation, as well as large imprecision and overall worse accuracy for Blacks as 

compared to non-Blacks, and recommended the exclusion of race from GFR 

estimating equations 239. The use of race in the CKD-EPI formula in the current study 

might have masked the effects among low SES African Americans and the associated 

health disparities.  For urine albumin, it was assessed by a single spot urine test, but 

urine albumin levels are subject to day-to-day variability, and these misclassifications 

might bias results regarding urine albumin to the null. A timed urine assessment 

would be more accurate but more time-consuming, and it was a trade-off of accuracy 

and resources to employ the spot test used in this study. The continuous measure of 

urine albumin is also not as clinically relevant as widely used measures such as ACR. 

Without the contrast with creatinine levels, the urine albumin measure used in the 

current study might be subject to imprecision issues. For Cystatin-C, CysC-based 

eGFR, instead of raw Cystatin-C levels, is more commonly used as a measure for 

kidney function especially for CKD patients.  

Fourth, data about some important confounders, such as oxidative stress and 

homocysteine levels, were available but not included in the study. Homocysteine is 

generally measured by its presence in the blood, either in serum or plasma 190, 193. 

Oxidative stress can be measured by a comprehensive panel of inflammatory proteins 

such as fibrinogen, interleukin-6, factor VIIc 189. Many of these novel cardiovascular 

factors are available in HANDLS dataset and future studies should incorporate these 

factors to shed light on how inflammation and oxidative stress would trigger 

endothelial dysfunction and a cascade of abnormal changes both in the kidney and the 

brain. In addition, the effects of unknown or unmeasured confounding cannot be ruled 

out.  
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Lastly, using self-reported poverty status above or below 125% of DHHS 

poverty guideline as a proxy for SES might not be sufficient to capture SES 

comprehensively in this population. Other factors such as income, education, literacy 

level, employment status, and occupation should also be considered as elements of 

SES. In addition, early life SES factors (e.g., parental education, parental occupation, 

childhood financial well-being), which were not available for the HANDLS study, are 

otherwise important in brain development and can affect cognitive function later in 

life 173.  

 

Future Directions 
 

Future replications of the study findings, especially in similar samples with 

stratification of race, are warranted to clarify the unexpected directionality issues 

(higher kidney function – worse cognition) and equivocal race/SES patterns 

discovered in this study. It is possible that these unexpected findings reflect sample-

specific characteristics of the HANDLS study or the biases introduced by the kidney 

function measures used. For example, it is possible that the distribution of the 

continuous eGFR measure in the current study was not able to capture the critical 

window of when the cumulative effects of kidney function changes start to affect 

cognition at a more observable level. Previous studies frequently categorized eGFR 

into several levels, using cut-offs such as 30, 45 or 60 ml/min/1.73 m2. For the current 

analysis, categorization of eGFR was not as applicable since the HANDLS sample is 

relatively healthy and participants in the category of eGFR less than 60 ml/min/1.73 

m2 are less than 10% of the sample. It is also possible that the association between 

eGFR and cognition is not linear. Future studies should explore different 

representations of eGFR such as categorization by a clinically-relevant cut-off point 
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as well as adding non-linear terms. If indeed that low-SES African Americans are not 

the most affected by the impact of kidney function decline on cognition, explanations 

regarding societal, cultural, and biological factors should be explored.  

In addition, future studies should continue to explore the subdomains affected 

by kidney function decline and expand the neuropsychological test battery to the 

domains not tested in this study. Previous studies have been inconsistent in the type of 

cognitive tests used and this introduced difficulties in direct comparison of findings, 

and it is not clear how using a composite score as compared to individual tests for 

cognitive domains would affect the findings. 

Also, with only two waves of data, it is possible that the effect of aging far 

surpasses that of kidney function changes in this time frame. This was evidenced by 

the flipping of direction of the coefficients for several cognitive measures after adding 

the age variable to the analytical models. Future studies should follow up participants 

for longer (than the 5 years gap of the current study) at multiple points of time to test 

this possibility. It would also be useful to track the reasons for attrition (e.g., death, 

dropping out), With a longer follow-up time and more time points, as well as 

collection of more information regarding reasons for lost to follow-up, more robust 

analytical models could be conducted to deal with such loss of information (MCAR 

and MAR models for missing at random, and selection, pattern mixture, and frailty 

models for selective drop-out 245).  

Moreover, although the current study suggested some differences between the 

three kidney function markers (eGFR, urine albumin and Cystatin-C) and their 

associations with cognition over time, future replications are needed to confirm those 

associations. The kidney function markers in HANDLS are limited – only a fraction 

of the baseline sample had data regarding Cystatin-C. Since early detection of CKD 
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remains challenging, it is important to develop and examine kidney function markers 

and estimating equations with better performance metrics. Future studies should 

continue to directly compare different kidney function markers and their impact on 

cognition.  

Finally, future studies should further explore the mechanistic processes of how 

kidney function affects cognition. For example, the inclusion of novel 

oxidative/vascular markers and neurotoxins in addition to traditional vascular risk 

factors and inflammation markers should be considered. Adding those novel variables 

would further clarify the possible vascular or neurodegenerative changes in the brain 

occurring subsequent to, or concurrently with changes in the kidney.  

 
Implications and Public Health Significance 
 

The public health burden associated with disorders in both the brain 

(dementia, cognitive impairment) and the kidney (CKD and ESRD) continues to be 

high and rising.  Therefore, early detection of kidney function changes and its 

associated cognitive outcomes is important. The present study examined the effects of 

kidney function on several cognitive subdomains and explored whether race and SES 

moderate these effects. The results suggested that the impact of kidney function 

decline was likely concentrated in the domains of attention, working memory, and 

executive function. However, contrary to previous research, several findings indicated 

that higher kidney function was associated with worse cognition. Moreover, the 

race/SES patterns discovered in this study did not confirm that low-SES African 

Americans were the most affected. Instead, some findings suggested that Whites, 

especially those living in poverty, were the most affected by the impact of kidney 

function decline on cognition.  
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It should be noted that the magnitude of these findings is rather small -- 

differentiation was 2 points or smaller on the test scores for different kidney function 

levels. This offers little practical value to clinicians who focus on the cognitive and 

daily functioning of populations vulnerable to kidney disease risks. In other words, 

the statistically significant results from the current study are not clinically significant. 

There is a distinction between statistical significance and clinical significance. 

Statistical significance, in this sense, was achieved through hypothesis testing with 

results with a p-value less than 0.05. It represents the extent to which that the 

difference found was not due to chance, and measures the strength of the finding 

against the null hypothesis (no association), and are easily influenced by 

methodological features such as systematic and random errors, sample size, and the 

magnitude of difference between groups 246. To be clinically significant, the extent of 

cognitive change should have observable impact on patient functioning and quality of 

life, and inform clinical practice regarding treatment, prevention and intervention to 

achieve better functional outcomes. These outcomes include both objective ones such 

as improvement in performance status, less remission of disease, longer life-span, as 

well as subjective ones such as improved emotional well-being and engagement of 

physical and social activity, and reduction of unfavorable symptoms like pain, 

weakness, and discomfort 246. 

There were no distinct patterns or trends that would warrant public health action, 

and future research is needed to further elucidate these associations.  

 

Conclusion 
 

This study found that over about 5 years of study, eGFR over time was 

associated with decline in verbal learning and memory among Whites below poverty. 
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In addition, the associations between baseline kidney function markers and cognitive 

decline were highly equivocal. Higher baseline Cystatin-C were found to be 

associated with cognitive decline in attention, and this association was no longer 

significant after adjusting for cardiovascular factors and inflammation.  It is possible 

that kidney function is broadly related to performance in the domains of attention, 

working memory and executive function. 

Despite the analytical power offered by the unique stratified design of the 

HANDLS sample, this study did not find that African Americans were the most 

affected in terms of the association between kidney function and cognition. It also did 

not clarify the inconsistent patterns of specific cognitive domains affected by lower 

kidney function. However, this study does shed some light on the potential 

disadvantage of the Whites, especially those living in poverty, in the associations 

between eGFR and cognition, as well as the different broad patterns of the 

associations between kidney function markers and cognitive performance in the 

domains of attention, memory and executive function.  

These findings suggest that functional changes in the kidney precedes cognitive 

decline among certain sociodemographic groups. Future studies should replicate the 

findings in samples diverse in racial and socioeconomic representation. In addition, 

future studies should empirically test different mechanistic pathways linking kidney 

and brain aging. For example, novel vascular markers might be a crucial link in the 

association between decline of kidney function and cognition. The elucidation of a 

whole host of behavioral and biological factors that are playing a role in the 

associations between preclinical kidney function change and attentional/memory 

decline would help prevent adverse cognitive outcomes in CKD patients and alleviate 

the associated public health burden.  
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