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4. Rationale: 
 
Estimated glomerular filtration rate (eGFR) is a metric that estimates the filtering capability of 
kidneys, and is calculated using the concentration of serum creatinine4, cystatin C5, or both6. 



However, eGFR may be inaccurate since serum creatinine and cystatin C levels may be 
influenced by factors that are at least partially independent of kidney function. For example, 
creatinine levels are influenced by muscle mass7,8, and cystatin C levels can be influenced by 
factors such as age, mass, and drug use9,10. Moreover, there may be a latency in creatinine 
concentration changes during early stages of chronic kidney disease (CKD)11, which renders 
eGFR to be insensitive to detecting CKD onset. Due to similar reasons, other metrics of kidney 
function such as albumin-to-creatinine ratio (ACR) or protein-to-creatinine (PCR) may thus be 
inaccurate as well12.  
Finding strong associations between certain urine metabolites and eGFR or ACR cross-
sectionally allows for the identification of candidates that may be able to quantify kidney 
function more accurately or provide insight on different aspects of kidney function. This allows 
for the possibility of improving eGFR estimates by incorporating the identified metabolites that 
are freely-filtered into current estimation calculations. The identified metabolites may also 
highlight potential pathophysiological mechanisms related to CKD progression. In previous 
studies, associations between eGFR and serum metabolites have been found1,2,3,13. Identifying 
metabolites highly associated with eGFR that are common in both serum and urine 
metabolomics (“paired metabolites”) may further inform us of the underlying mechanisms in 
CKD progression. Associations between eGFR and the fractional excretion (FE) of metabolites, 
which can be calculated for each paired metabolite, may also lend to this aim18. 
Since ARIC contains data for multiple visits of the same population, longitudinal analyses to find 
associations between urine metabolites and changes in eGFR or ACR can also be done. The 
ARIC data available extends to visit 8, which is representative of an older population. CKD is 
known to be more prevalent in older populations16,17, thus we may identify metabolites 
associated with CKD progression. Previous studies have found associations between urine 
metabolites and eGFR/eGFR decline/adverse kidney outcomes14,15. However, these studies 
utilize data solely from individuals of European ancestry. The ARIC data available to us is 
enriched with both European American and African American individuals, which may be more 
representative of a general population. 
 
5. Main Hypothesis/Study Questions: 
 
We aim to find new associations and replicate known associations between urine metabolites and 
eGFR/ACR via a cross-sectional analysis of ARIC visit 5. A paired study design to find cross-
sectional associations between serum metabolites and eGFR/ACR will also be performed for 
ARIC visit 5. For face validity, the relationship between urine/serum metabolites and age and sex 
will be examined. 
With the paired urine and serum metabolomics studies, will identify metabolites found both in 
urine and serum that are associated with kidney function, kidney function related genetic 
variants, and kidney-related medications (“paired metabolites”). For each paired metabolite, its 
FE will be calculated and ranked, and the cross-sectional association with eGFR/ACR will be 
determined.  
We also aim to find associations between baseline urine metabolite levels/serum metabolite 
levels/FEs and decline in kidney function via longitudinal analysis across ARIC visits 5, 6 and 7.  
Specifically, to investigate associations between the predictors and CKD progression, we will 



look into a decline of ≥ 40% in eGFR levels or the doubling of ACR levels as well as incidence 
of ESKD. 
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
 
Study Design and Population: 
 
Cross-sectional analyses to determine associations between urine/serum metabolites/FE and 
kidney function will be performed on the dataset of ARIC participants with urine metabolomics 
at visit 5. Longitudinal analyses to determine associations between urine/serum metabolites/FE 
and decline in kidney function will be performed on ARIC visits 5, 6 and 7. 
 
Exposure: 
 
For cross-sectional study: 
eGFR, log2(ACR), FE, age, sex, race, study center (other clinical covariates may be added in a 
subsequent, fully adjusted model, including hypertension, diabetes, cardiovascular disease, 
cholesterol, serum albumin if available) 
 
For longitudinal study:  
log2(urine metabolite levels), eGFR, log2(ACR), FE, age, sex, race, study center (other clinical 
covariates may be added in a subsequent, fully adjusted model, including hypertension, diabetes, 
cardiovascular disease, cholesterol, serum albumin if available) 
 
Outcomes:  
 
For cross-sectional study:  
log2(urine metabolite levels) or log2(serum metabolite levels) 
 
For longitudinal study:  
Decline in kidney function or ESKD 
 
Statistical Analysis:  
 
Data preprocessing 
First, samples with >50% missingness of known non-xenobiotic metabolites will be excluded 
from the dataset. Then, non-xenobiotic metabolites (both known and unknown) with missingness 
of >80% will be excluded. For each metabolite, any missing entries will be imputed with the 
minimum value measured for that metabolite. Probability quotient normalization will then be 
performed for all samples to account for varying levels of dilution. Since the distribution of each 
metabolite is expected to be skewed, a log2 will be performed. Finally, metabolites with a 
variance of ≤ 0.01 will be excluded, and outliers that are beyond 5 standard deviations from the 



mean for each of the remaining metabolites will be capped at the maximum/minimum measured 
value.  
 
FE values for paired metabolites will be determined with the standard FE equation 

FE =
(urine metabolite)/(urine creatinine)

(serum metabolite)/(serum creatinine)
× 100 

 
 Analysis steps 
For the cross-sectional analysis, an estimate of the association between each urine/serum 
metabolite/FE and eGFR/log2(ACR)/age/sex will be obtained via multiple linear regression 
models as follows: 
 
For associations between metabolites and eGFR: 

log2(metabolite) or FE ~ eGFR + age + sex + race + study center + additional covariates 
 
For association between metabolite and ACR: 

log2(metabolite) or FE ~ log2(ACR) + age + sex + race + study center + additional covariates 
 
For association between metabolite and age/sex: 

log2(metabolite) or FE ~ eGFR + log2(ACR) + age + sex + race + study center + additional covariates 
 
For the longitudinal analysis, an estimate of the association between each metabolite and CKD 
progression will also be obtained via Cox proportional hazards regression models as follows: 
 
CKD progression defined with eGFR decline: 

A 40% decline in eGFR from baseline  ~ log2(metabolite) + eGFR + log2(ACR) + FE + age + sex + race 
                                                                             +study center + additional covariates 
 
CKD progression defined with ACR decline: 

Doubled ACR level from baseline  ~ log2(metabolite) + eGFR + log2(ACR) + FE + age + sex + race 
                               +study center + additional covariates 

 
We will also evaluate associations that account for the competing risk of death or loss to follow-
up using competing risk regression with the method of Fine and Gray. 
 
The statistical significance of each association will be assessed against a Bonferroni-corrected p-
value (i.e. p = 0.05/# metabolites < 0.05). 
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