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Abstract

Background: Estimated glomerular filtration rate (eGFR), albuminuria and serum uric acid 

(SUA) are markers of kidney function that have been associated with cognitive ability. However, 

whether these associations are causal is unclear.

Methods: We performed one-sample Mendelian randomization (MR) to estimate the effects of 

kidney function markers on cognitive performance using data from the UK Biobank. Polygenic 

scores for SUA, urine albumin to creatinine ratio (ACR), estimated glomerular filtration rate 

based on serum creatinine (eGFRcre) and serum cystatin C (eGFRcys) were used as instrumental 

variables, and cognitive function outcomes included a test of verbal-numeric reasoning and 

reaction time.

Results: We found no evidence of a causal effect of genetically determined SUA, eGFRcre or 

eGFRcys on cognitive function outcomes. There was no association between a polygenic score for 

ACR and verbal-numeric reasoning or numeric memory. However, there was suggestive evidence 

of a relationship between genetically increased ACR and slower reaction time and worse visual 

memory. ACR was no longer significantly associated with visual memory in analyses using an 

unweighted polygenic score and in analyses stratified by sex and age category. Pleiotropy adjusted 
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estimates were directionally consistent with those of the principal analysis but overlapped with the 

null.

Conclusions: This MR study does not support causal effects of SUA, eGFRcre or eGFRcys on 

cognitive performance. Genetically increased ACR was associated with slower processing speed 

and visual memory, but results need confirmation in independent samples.

Graphical Abstract
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1. Introduction

Dementia imposes significant societal and economic burdens. It is a leading cause of 

disability and was estimated to cost the equivalent to 1.1% of global gross domestic product 

in 2015 (1). As no effective therapeutic treatment is currently available, identification and 

mitigation of modifiable risk factors remain of central importance. Chronic kidney disease 

(CKD) has emerged as a possible risk indicator for cognitive impairment (2,3). Individuals 

living with chronic kidney disease experience higher rates of cognitive impairment and 

dementia compared to healthy adults (4). Observational studies of associations between 

biomarkers of kidney function and cognition suggest that this risk may extend to individuals 

with only mild kidney impairment (5,6). Most common of these biomarkers, estimated 

glomerular filtration rate based on serum creatinine (eGFRcre) has been associated 

with cognitive performance (4,6–8) but studies have been conflicting (2). Though less 

studied, cystatin C based GFR estimates (GFRcys) have shown stronger associations with 

cognitive performance compared to creatinine-based measurements (9,10). An increased 

urine albumin to creatinine ratio (ACR) or albuminuria, which is highly indicative of 

vascular dysfunction has been associated with higher odds of cognitive impairment and 

dementia (2,11). However, whether this reflects a causal effect of albuminuria independent 

of concomitant cardiovascular disease is unclear. Higher serum uric acid (SUA) levels 

are correlated with diabetes, cardiovascular and kidney disease (12), but associations with 
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cognitive ability are inconsistent (13–15). Somewhat paradoxically, case-control and cross­

sectional studies have reported lower levels of SUA in individuals with Alzheimer’s disease 

compared to those with normal cognition (15–17). This finding has been attributed to a 

potential neuroprotective role of SUA through its antioxidant properties (18).

However, observational studies are susceptible to confounding and reverse causation and 

are therefore not appropriate for inferring causation. For example, prior associations may 

have been confounded by environmental factors such as socio-economic status or comorbid 

disease. Reverse causation whereby the state of dementia leads to alterations in biomarker 

concentrations may also explain some of the observed inconsistencies in past studies, 

particularly with respect to the relationship between serum uric acid and Alzheimer’s 

disease as individuals with Alzheimer’s may change their eating habits (19).

The Mendelian randomization approach attempts to provide evidence of a causal association 

using genetic variants as instrumental variables for the exposure of interest. Analogous to 

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

confounding factors to be distributed evenly across genotypes. Furthermore, genotype at 

conception confers a lifelong increase or decrease in the exposure of interest minimizing 

the effects of reverse causation. The validity of the instrumental variable in Mendelian 

randomization relies on three key assumptions: 1. the genetic variant is strongly associated 

with the exposure, 2. the variant is not associated with confounders of exposure-outcome 

association, and 3. the variant-outcome association is explained only through the effect of 

the exposure of interest. The second and third assumptions can be violated in the presence 

of pleiotropy, where a genetic variant is associated with factors on a different causal pathway 

(20). However, sensitivity analyses have been developed to address pleiotropic effects.

Individual-level data from the UK Biobank (UKBB) and summary data from previous 

genome-wide association studies (GWAS) were used to construct polygenic scores for 

multiple markers of kidney function including SUA, eGFRcre, eGFRcys or ACR. We then 

performed a one-sample MR using these scores as instrumental variables to test for causal 

associations between each kidney function biomarker and cognitive performance.

2. Materials and Methods

2.1. Study population

The UKBB is a prospective cohort that enrolled 502,617 participants aged 40-73 years 

from across the United Kingdom between 2006 and 2010. Details of enrollment procedures 

have been previously described (21). At the baseline assessment, participants completed a 

detailed, computerized questionnaire including a wide range of information pertaining to 

lifestyle and health characteristics. Participants completed a battery of cognitive function 

tests via touchscreen interface at this time. Blood and urine samples for the full cohort 

were collected and stored for biochemical tests and genotyping. Ethical approval for data 

collection was received from the North-West Multi-centre Research Ethics Committee and 

the research was carried out in accordance with the Declaration of Helsinki of the World 

Medical Association and approved by the University of California San Diego Institutional 

Review Board. Written informed consent was obtained for all participants.
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2.2. Genotyping

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

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

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

genotyping, quality control (QC) and genotype imputation were performed centrally by 

the primary UKBB investigators (22). Genotype imputation is a statistical technique that 

leverages directly genotyped variants and a reference panel to infer ungenotyped variants. 

Prior to imputation, genetic data from two arrays was combined and a QC procedure 

performed. Post quality control, genetic data is available for 488,377 subjects on 805,426 

genetic markers and 92,693,895 imputed variants. We carried out the following additional 

quality control and filtering steps. Individuals with the following characteristics were 

excluded: extreme heterozygosity or missingness (n=968), individuals with sex chromosome 

aneuploidy (n=651), individuals whose reported sex did not match genetically inferred 

sex (n=186), and individuals with high levels of cryptic relatedness (n=73). Principal 

components were then calculated for the remaining 486,387 participants using 1000 

Genomes as the reference population (23). We used the “aberrant” clustering package 

in R (24) with a lambda parameter of 8.2 to determine the European ancestry cluster. 

Subjects with self-report of non-British or non-European ancestry included in European 

ancestry cluster were excluded, resulting in, 454,488 participants with European ancestry. 

To avoid inflation in test statistics due to inclusion of related individuals, we used a 

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

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

sequentially breaks related pairs to retain only unrelated individuals while preferentially 

maximizing the number of individuals with a user defined characteristic. In this study 

we chose to maximize those with available verbal-numeric reasoning scores. We excluded 

those with approximately second degree or closer relatedness (pi-hat =0.0625, n= 69,378 

removed). After additionally excluding those who had withdrawn consent at the time of 

this study, pregnant women (n=119), individuals with probable type 1 diabetes (n=1670) 

and participants missing data on kidney function exposures or cognitive test scores there 

remained 39,359, 124,834, 357,590 and 359,664 participants for analyses of numeric 

memory, verbal-numeric reasoning, reaction time, and visual memory, respectively.

2.3. Kidney function biomarkers

At the initial assessment (2006-2010), blood and spot urine samples were collected and 

analyzed at a centralized laboratory. Sampling, handling, and quality control of biochemical 

measures have been described in detail previously (25). Briefly, serum creatinine, urine 

creatinine and urine albumin were measured on a Beckman Coulter AU5800 instrument. An 

enzymatic, IDMS-traceable method was used to measure serum and urine creatinine. Urine 

albumin was quantified using an immune-turbidimetric method (Randox laboratories) with 

a lower limit of detection of 6.7 mg/L. Measurements below the lower limit of detection 

were set to 6.7 mg/L as done previously (26). Serum cystatin C was measured using an 

Immuno-turbidimetric assay on a Siemens ADVIA 1800 instrument. Estimated GFR was 

calculated using creatinine (eGFRcre) or cystatin C (eGFRcys) by the CKD-EPI equation 

as described previously (27,28). SUA was measured by uricase PAP analysis on a Beckman 

Coulter AU5800.
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2.4. Cognitive function

Cognitive function was assessed using self-administered, computerized tests designed 

specifically for the UKBB (29). The verbal-numeric reasoning, reaction time, visual memory 

test, and numeric memory test were used in this analysis and are described below:

Verbal-numeric reasoning: The verbal-numeric reasoning test, originally labelled the 

‘fluid intelligence’ test, (Field ID 20016) included 13 logic/reasoning-type questions. The 

score was the number of questions answered correctly within a two-minute time limit. The 

Cronbach alpha coefficient for this test has been previously reported elsewhere as 0.62 (30). 

This test was added part-way through the initial assessment period and therefore was not 

administered to all participants.

Reaction time: The reaction time test is similar to the card game “Snap”. Participants 

were shown a series of card pairs with symbols on them and were instructed to press a large 

red button as quickly as possible when the cards matched (Field ID 20023). The score was 

the mean time, in milliseconds (ms), to press the button across all trials with a matching pair.

Visual memory: The “pairs-matching” test was used to assess episodic visual memory in 

the UKBB (Field ID 399). Participants were briefly shown the positions of six card pairs and 

were then asked to match them from memory in as few attempts as possible. The score on 

this test was the number of errors made. Pairs matching scores were log(x+1) transformed 

for analyses as done in prior studies (31,32).

Numeric memory: To assess numeric short-term memory (Field ID 4282) participants 

were asked to recall a 2-digit number that was shown on the screen. The number became 

1-digit longer each time they remembered correctly up to a maximum of 12 digits. The score 

for analysis was the maximum digit length recalled correctly. This test was removed from 

the baseline assessment before recruitment concluded and therefore is available for a subset 

of participants.

2.5. Covariates

Years of education were estimated by mapping each of the educational qualifications 

reported by UKBB participants to categories defined in the 1997 International Standard 

Classification of Education (ISCED) and imputing the number of years of schooling as 

described by Okbay et al. (33). Hypertension was defined as systolic blood pressure ≥140 

mmHg or diastolic blood pressure ≥90 mmHg, self-report of a past hypertension diagnosis 

or use of antihypertensive medications.

2.6. Statistical analysis

2.6.1 Polygenic scores and MR analysis—Single nucleotide polymorphisms (SNPs) 

included in the SUA, eGFRcre and eGFRcys polygenic scores were identified from 

GWAS meta-analyses of 288,649, 567,460 and 32,861 participants of European ancestry, 

respectively (26,34,35). We used European ancestry specific summary statistics from a 

meta-analysis (n=547,361) carried out by Teumer et al. to derive the polygenic score for 

ACR (55). All summary statistics were downloaded from the data page maintained by 

Richard et al. Page 5

J Neurol Sci. Author manuscript; available in PMC 2022 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the CKDGen consortium (ckdgen.imbi.uni-freiburg.de/). It should be noted that UKBB 

participants made up the largest proportion of individuals included in the Teumer et al. 

meta-analysis which may to contribute to the winner’s curse phenomenon (36). However, 

prior GWAS were underpowered and would be unlikely to yield a polygenic score with 

adequate instrument strength (37). For each biomarker we constructed two polygenic scores 

based on SNPs that passed a p-value threshold p<5 ×10−8 or p<1 ×10−5 in prior GWAS. 

SNPs were pruned based on the 1000 Genomes data with an R2 <0.1 and a 500kb clumping 

window to find the SNP with the with the lowest p-value for each clump. The variance 

explained by the polygenic scores was calculated as the adjusted R2 from the association of 

each score with the biomarker adjusted for age, sex and the first 10 principal components 

(PCs) of population structure minus the adjusted R2 from the regression with age, sex and 

the 10 PCs only.

We performed mendelian randomization analyses through two-stage least squares (2SLS) 

regression using the ivreg command from the AER package in R (38). In 2SLS the exposure 

of interest is regressed on the polygenic score, and the outcome is regressed on the predicted 

values of the exposure and the residuals from the first regression. All 2SLS models were 

adjusted for age, sex, and the first 10 PCs. ACR was log-transformed for normality before 

analysis. The instrument strength of each polygenic score was assessed using the F-statistic 

from the first regression where an F-statistic less than 10 suggests a weak instrument.

2.6.2 Sensitivity analysis—Modification by sex or age was assessed by performing 

2SLS stratified by sex and by the median age in the UKBB (<58 years vs 58 years or 

older). Potential confounding or mediation by hypertension status was assessed by adjusting 

for this factor in 2SLS models. Similar adjustment for years of schooling was carried out 

to address confounding due to differences in education. We repeated 2SLS analyses using 

an unweighted allele score for ACR to minimize bias from the use of internally derived 

weights (39). Although, 2SLS is the standard method for MR in one-sample settings it 

does not address the problem of pleiotropy which violates the assumption that the genetic 

variant-outcome association is explained only through the effect of the exposure of interest. 

Alternatively, methods to address pleiotropy have been developed for two-sample MR where 

the effect estimates for the SNP-exposure and SNP-outcome are gleaned from independent 

study populations (40). Using the MendelianRandomization package in R (41), we applied 

two methods, MRegger (42) and weighted-median regression (43) to account for the 

potential effects of pleiotropic SNPs in the ACR polygenic score. First, the β-estimates for 

the associations between each SNP with ACR and with cognitive performance on reaction 

time and visual memory tasks were obtained, and inverse-variance weighted fixed effects 

meta-analysis (IVW) was used to derive the MR estimate to approximate the 2SLS estimate 

(44). The MR-Egger method was used to estimate the causal effect as the slope from the 

weighted regression and the average pleiotropic effect as the intercept. If the intercept from 

the MR-Egger analysis is not equal to zero, this indicates directional pleiotropy. Weighted 

median regression was then used to estimate the causal effect assuming at least 50% of the 

SNPs in the polygenic score are valid and that there is not directional pleiotropy.
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3. Results

Characteristics of the study population are shown in Table 1. The mean age was 56.7 years 

and 54% were female. On average, participants had a mean verbal-numeric reasoning score 

of 6.18 (standard deviation (SD)=2.11), a mean reaction time of 555ms (SD=113), a mean 

visual memory score of 4.10 errors (SD=3.27), and a mean numeric memory score of 6.74 

digits (SD=1.32). Mean eGFR was slightly lower when estimated using cystatin C rather 

than creatinine (mean (SD)=88.31 (15.95) ml/min for eGFRcys and 90.66 (13.10) ml/min 

for eGFRcre). SUA was higher in men compared to women (mean (SD)=5.96 (1.20) mg/dl 

vs 4.54 (1.10) mg/dl), but the median ACR was lower in men (median (IQR)=0.86 (0.83) 

mg/mmol in men and 1.37 (1.33) mg/mmol in women).

3.1. MR analysis

F-statistics for the eight polygenic scores ranged from 552 to 10,004 which suggests that 

they were not weak instruments. The number of SNPs included in each polygenic score, 

the variance explained by the score and the corresponding effect estimates from the 2SLS 

regression are shown in Table 2. We detected no evidence for a significant causal effect 

of SUA, eGFRcre, or eGFRcys on performance on any of the cognitive tasks (all p-values 

≥0.06). There was no apparent effect of ACR on verbal-numeric reasoning or numeric 

memory score, however increased ACR as predicted by the 293-SNP score was significantly 

associated with slower reaction-time scores (β (95% confidence interval [CI])) for 1 SD 

logACR=4.93 (1.60 to 8.26) ms, p=0.004). The association was slightly weaker using the 

76-SNP score (β (95%CI) =4.82 (0.95 to 8.68), p=0.01). Genetically increased ACR was 

also significantly associated with a higher percent of visual memory errors (β (95% CI)= 

2.06(0.07 to 4.09)%, p=0.04), but only using the 293-SNP score.

3.2. Sensitivity analyses

We found similar null associations between SUA, eGFRcre, and eGFRcys with cognitive 

performance when 2SLS analyses was stratified by sex or age. ACR was not associated 

with verbal-numeric reasoning or numeric memory in stratified MR analyses. Associations 

between genetically increased ACR and slower reaction time were significant in men and 

women (β (95% CI)= 5.69 (0.42 to 10.96), p=0.03 and 4.27 (0.06 to 8.48), p=0.048, 

respectively). The association between ACR and reaction time was slightly stronger in 

individuals younger than 58 years compared to those who were older (β (95% CI)=6.02 

(1.37 to 10.67), p=0.01 vs 4.46 (0.05 to 8.87), p=0.047, respectively). Associations between 

the 293-SNP ACR score and visual memory where no longer significant when analyses 

were stratified into subgroups. However, similar to the trends observed for the stratified 

associations between ACR and reaction time, visual memory effect estimates for a one 

standard deviation increase in log ACR were slightly larger in men compared women (β 
(95% CI)= 2.32 (−0.26 to 4.96), p=0.08 and 1.78 (−1.29 to 4.94), p=0.26, respectively) and 

in individuals younger than 58 years compared to those who were older (β (95% CI)= 2.44 

(−0.46 to 5.42), p=0.10 vs 1.72 (−1.06 to 4.51), p=0.22, respectively). For 2SLS analyses, 

there was minimal difference in effect estimates when hypertension or education were added 

to the models with the exception that the association between ACR and reaction time was 
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slightly attenuated after accounting for hypertension status (β (95% CI)= 4.59 (1.19-7.99), 

p=0.008).

The results of 2SLS, IVW, MREgger and weighted median regressions for the association 

between the 293-SNP ACR polygenic score and reaction time and visual memory are 

shown in Figures 1A and 1B. Genetically increased ACR estimated using the unweighted 

polygenic score was significantly associated with slower reaction time scores (β (95% CI)= 

5.84 (2.08 to 9.60), p=0.001), but was no longer associated with visual memory (β (95% 

CI)=1.71 (−0.45 to 3.87), p=0.11). The results of the analyses that control for pleiotropy 

(MREgger and weighted median regression) were directionally consistent with that of the 

main analysis, but not statistically significant. However, the precision of the estimates 

was much lower for these methods as they demand high statistical power. The MREgger 

regression did not indicate the presence of directional pleiotropy (β (95% CI)=0.01 (−0.73 

to 0.95), p=0.79 for reaction time intercept and 0.005 (−0.09 to 0.10), p=0.61 for visual 

memory intercept).

4. Discussion

In this study, we used MR analyses to investigate the potential causal associations of 

four markers of kidney function and cognitive ability in a large population-based cohort 

of European descent. Genetically increased ACR was associated with reaction time, a 

measure of processing speed. Our study did not provide evidence to support a causal 

effect of genetically determined serum uric acid, eGFRcre or eGFRcys levels on cognitive 

performance despite the associations observed in observational studies (2,3,14,15).

In a recent two-sample MR using summary GWAS data, Efstathiadou et al. found no 

association between genetically increased SUA and global cognitive function in participants 

of the UKBB and the Cognitive Genomics (COGENT) consortium (n= 110,347) (45). 

We found a similar null association in a one-sample setting which is not affected by 

heterogeneity between the populations used to obtain the SNP-exposure and SNP-outcome 

association statistics. Furthermore, we extend these results to a tests of reaction time and 

memory. This conflicts with past studies that found lower levels of SUA in Alzheimer’s 

disease cases versus controls (15,16,46). However, the results of this study along with 

those of prospective studies that show an inverse association between SUA and cognitive 

performance (13,47) suggest that it is unlikely that increasing SUA would benefit cognition. 

It is important to note that the 2SLS regression assumes a linear relationship between the 

exposure of interest and the outcome and therefore may not capture threshold effects. We 

therefore could not fully characterize the potential effects of the hyperuricemic state on 

cognitive ability.

To our knowledge, this is the first study to examine the association between eGFR and 

cognitive ability using the MR approach. Our finding of a null association between 

genetically determined eGFR and cognitive performance is consistent with a recent meta­

analysis of observational studies by Deckers et al. that showed no significant differences 

in cognitive impairment according to eGFRcre (2). The authors described substantial study 

heterogeneity which could reflect differential distributions or treatment of confounding 
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factors between populations. Taken together, the results of this study and that of Deckers et 

al. suggest that past significant associations between eGFRcre and cognitive function may 

have been affected by residual confounding. However, because eGFR often has a nonlinear 

association with outcomes, we may have not been able to detect any threshold effects.

In contrast with observational studies that support a positive association between eGFRcys 

and cognitive performance (9,48), genetically determined eGFRcys did not predict cognitive 

ability in this study. A large proportion (85%) of the total variance in eGFRcys that was 

explained by the polygenic score is attributable to one SNP (rs1158167) which is found 

near the cystatin C precursor gene family (CST3, CST4, CST9) and explains 2.7% of 

the variance of serum cystatin C in the UKBB. It is likely that this SNP reflects cystatin 

C expression rather than renal filtration. Although this suggests cystatin C concentrations 

do not causally affect cognition, a better understanding of the genetic underpinnings 

of eGFRcys independent of cystatin C expression may be necessary to draw further 

conclusions.

Our finding that genetically determined ACR was associated with reaction time and 

memory is consistent with prior observational studies (9,49–51). While the mechanism 

for this association is not known, it may be mediated through increased blood pressure 

and cardiovascular risk. Using bidirectional MR, Haas et al. suggested that high blood 

pressure contributes to albuminuria which in turn leads to further increased blood pressure 

in a feed-forward loop (52). Indeed, we found that the association between ACR and 

reaction time was slightly weaker when hypertension status was accounted for lending 

support to a potential mediating role of blood pressure. Cognition may also be affected 

due to the consequences of kidney damage including anemia, hyperparathyroidism, acidosis, 

hyperhomocysteinemia, inflammation, and exposure to uremic toxins accumulation (53).

Key strengths of this study were the large sample size and access to individual level data 

for one-sample MR allowing for stratification by sex and age group. This method also 

avoids the problem of sample heterogeneity that affects two-sample MR. In addition, the 

extensive biochemistry measurements of the UKBB data allowed for the investigation of 

multiple measures of kidney function. Some limitations of our study should also be noted. 

First, the ACR polygenic score was constructed using weights from GWAS that included 

UKBB participants. This can exacerbate weak instrument bias which can overestimate the 

exposure-outcome association in one-sample MR studies (54). However, we also found a 

significant positive association with reaction time when an unweighted polygenic score was 

used. ACR was not as robustly associated with visual memory, therefore these results should 

be interpreted cautiously but do provide motivation for replication in other large independent 

cohorts. Furthermore, our analysis may not be able to detect nonlinear associations. Future 

studies should consider using polygenic scores for binary kidney function traits in this 

context. However, results from adequately powered GWAS will be required. Our analysis 

was restricted to participants of European ancestry, so our results may not be generalizable 

to other ethnic groups. In addition, the cognitive tests in the UKBB were developed to 

be administered on a large scale and without supervision and may therefore not be highly 

sensitive to cognitive differences. However, the tests used showed substantial correlation 

with previously validated tests in an independent sample of individuals (31). Finally, we 
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did not examine causal associations with specific cognitive diagnoses. However, at the time 

of this study there are likely insufficient numbers of participants with dementia (n=1888) 

and Alzheimer’s disease (n=707) to provide adequate power for MR analyses. With full 

integration of primary care data, case detection will likely increase as will the actual 

prevalence of these “hard outcomes” as the cohort ages allowing for the examination of 

these associations in future work.

5. Conclusions

In conclusion, our MR analyses do not support a causal effect of SUA, eGFRcre or eGFRcys 

on cognitive function. A polygenic score for ACR was associated with reaction time, a 

measure of processing speed, and less robustly with a task of visual memory. Replication in 

independent cohorts is needed.
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Highlights

• Markers of kidney function have been associated with cognitive performance.

• Mendelian randomization was used to assess causality using data from the 

UK Biobank.

• We found no causal effect of uric acid or glomerular filtration rate on 

cognition.

• Genetically predicted urine albumin was associated with slower reaction time.
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Figure 1. 
Mendelian randomization estimates for the effect of 1-standard deviation (SD) increase 

in genetically determined logACR on (A) reaction time (ms) and (B) visual memory (% 

errors).

Abbreviations: CI, confidence interval; IVW, inverse-variance weighted. 2SLS, Two-stage 

least-squares
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Table 1.

Characteristics of the study population overall and according to sex: the UK Biobank

All Participants Female Male

n=359,664 n=193,807 n=165,857

Age (years) 56.71 (8.01) 56.52 (7.91) 56.94 (8.11)

Smoking status

 Current 36,934 (10.3) 17,028 (8.8) 19,906 (12.0)

 Never 194,805 (54.2) 113,933 (58.8) 80,872 (48.8)

 Past 127,925 (35.6) 62,846 (32.4) 65,079 (39.2)

Some university education 203,753 (56.7) 105,864 (54.6) 97,889 (59.0)

Alcohol drinking status

 Current 336,449 (93.5) 178,672 (92.2) 157,777 (95.1)

 Never 10,995 (3.1) 8,236 (4.2) 2,759 (1.7)

 Past 12,220 (3.4) 6,899 (3.6) 5,321 (3.2)

Body mass index (kg/m2) 27.34 (4.74) 26.95 (5.12) 27.81 (4.21)

LDL-c (mmol/L) 3.57 (0.87) 3.64 (0.87) 3.49 (0.86)

Triglycerides (mmol/L) 1.75 (1.02) 1.55 (0.85) 1.98 (1.14)

Hypertension 198,572 (55.2) 93,941 (48.5) 104,631 (63.1)

Type II diabetes 17,622 (4.9) 6,400 (3.3) 11,222 (6.8)

Coronary artery disease 12,803 (3.6) 2,744 (1.4) 10,059 (6.1)

History of stroke 5,842 (1.6) 2,411 (1.2) 3,431 (2.1)

Heart failure 1,011 (0.3) 258 (0.1) 753 (0.5)

Cholesterol-lowering medication 60,496 (16.8) 23,420 (12.1) 37,076 (22.4)

Antihypertensive medication 72,545 (20.2) 32,659 (16.9) 39,886 (24.0)

ACR (mg/mmol) 1.11 (1 .17) 1.37 (1.33) 0.86 (0.83)

SUA (mg/dl) 5.20 (1.35) 4.54 (1.10) 5.96 (1.20)

GFRcre (ml/min) 90.66 (13.10) 90.79 (13.11) 90.51 (13.09)

GFRcys (ml/min) 88.31 (15.95) 88.68 (15.71) 87.87 (16.22)

Verbal-numeric reasoning score 6.18 (2.11) 6.06 (2.03) 6.31 (2.18)

Reaction time (ms) 555.19 (113.12) 563.19 (113.53) 545.83 (111.92)

Visual memory (errors) 4.10 (3.27) 4.11 (3.19) 4.09 (3.36)

Numeric memory score 6.74 (1.32) 6.63 (1.31) 6.86 (1.32)

Abbreviations: ACR, albumin-to-creatinine ratio; eGFRcre, creatinine-based estimated glomerular filtration rate; eGFRcys, cystatin C-based 
estimated glomerular filtration rate; SUA, serum uric acid; ACR shown as median (IQR). Other values shown as n (%) for categorical variables 
and mean (SD) for continuous variables. All characteristics are significantly different by sex except eGFRcre (p-value=0.53) and visual memory 
(p-value=0.27).
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Table 2.

Results from two-stage least squares MR analyses for the association of kidney function biomarkers with 

cognitive performance

P-
value 
cutoff

SNPs 
(n)

Variance 
explained

Verbal-numeric 
reasoning score Reaction time (ms) Visual memory (% 

errors)
Numeric memory 

score

β 95%CI p β 95%CI p β 95%CI p β 95%CI p

SUA (mg/dl)

1×10−5 693 5.90% −0.02 −0.06, 
0.02

0.26 0.39 −0.72, 
1.51

0.48 −0.65 −1.51, 
0.22

0.14 −0.03 −0.07, 
0.01

0.13

5×10−8 297 5.40% −0.03 −0.07, 
0.01

0.13 0.24 −0.91, 
1.39

0.68 −0.51 −1.41, 
0.4

0.27 −0.04 −0.08, 
0.01

0.10

eGFRcre (10ml/min)

1×10−5 1120 4.50% 0.02 −0.02, 
0.06

0.25 −0.65 −1.94, 
0.64

0.31 0.71 −0.04, 
1.47

0.06 0.01 −0.04, 
0.05

0.74

5×10−8 453 4.00% 0.03 −0.01, 
0.07

0.15 −0.58 −1.95, 
0.79

0.40 0.74 −0.06, 
1.54

0.07 −0.03 −0.07, 
0.02

0.30

eGFRcys (10ml/min)

1×10−5 16 3.40% 0.007 −0.01, 
0.24

0.72 −0.47 −1.68, 
0.74

0.43 0.11 −0.6, 
0.82

0.76 −0.03 −0.08, 
0.01

0.13

5×10−8 4 3.00% 0.006 −0.01, 
0.25

0.77 −0.21 −1.87, 
1.45

0.79 0.26 −0.44, 
0.96

0.46 −0.02 −0.06, 
0.02

0.29

Log ACR (1 SD)

1×10−5 293 1.10% −0.03 −0.17, 
0.12

0.72 4.93 1.56, 
8.30

0.004 2.06 0.07, 
4.09

0.04 −0.08 −0.21, 
0.06

0.26

5×10−8 76 0.60% −0.03 −0.17, 
0.11

0.69 4.82 0.92, 
8.72

0.01 2.64 −0.06, 
5.42

0.055 −0.01 −0.20, 
0.18

0.89

Abbreviations: ACR, albumin-to-creatinine ratio; CI, confidence interval; eGFRcre, creatinine-based estimated glomerular filtration rate; eGFRcys, 
cystatin C-based estimated glomerular filtration rate; SUA, serum uric acid 1 SD logACR = 0.74 log(mg/mmol). For visual memory test scores, 
percent errors are the exponentiated beta coefficients (exp(β)−1) ×100).
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