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Abstract

Rationale & Objective: Identification of novel risk factors for chronic kidney disease (CKD) 

progression may inform mechanistic investigations and improve identification of high-risk 

subgroups. The current study aimed to characterize CKD progression across levels of numerous 

risk factors and to identify independent risk factors for CKD progression among those with and 

without diabetes.

Study Design: The Chronic Renal Insufficiency Cohort (CRIC) Study is a prospective cohort 

study of adults with CKD conducted at seven US clinical centers.

Setting & Participants: Participants (N=3379) had up to 12.3 years of follow-up; 47% had 

diabetes.

Predictors: Thirty risk factors for CKD progression across sociodemographic, behavioral, 

clinical and biochemical domains at baseline.

Outcomes: Study outcomes were estimated glomerular filtration rate (eGFR) slope and the 

composite of halving of eGFR or initiation of kidney replacement therapy (KRT).

Analytical Approach: Stepwise selection of independent risk factors was performed stratified 

by diabetes status using linear mixed effects and Cox proportional hazards models.

Results: Among those without and with diabetes, respectively, the mean (SD) eGFR slope was 

−1.4 (3.3) and −2.7 (4.7) mL/min/1.73m2/year. Among participants with diabetes, multivariable-

adjusted hazard of the composite outcome was approximately twofold or greater with higher levels 

of the inflammatory chemokine CXCL12, the cardiac marker N-terminal pro-B-type natriuretic 

peptide (NTproBNP) and the kidney injury marker urine neutrophil gelatinase-associated lipocalin 

(NGAL). Among those without diabetes, low serum bicarbonate as well as higher high-sensitivity 

troponin T, NTproBNP and urine NGAL were all significantly associated with a 1.5-fold or 

greater rate of the composite outcome.

Limitations: The observational study design precludes causal inference.
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Conclusions: Strong associations for cardiac markers, plasma CXCL12 and urine NGAL 

exceeded that of systolic blood pressure ≥140 mmHg, a well-established risk factor for CKD 

progression. This warrants further investigation into the potential mechanisms these markers 

indicate and opportunities to use them to improve risk stratification.

ClinicalTrials.gov identifier: NCT00304148

Graphical Abstract

Plain language summary

Several novel biomarkers associated with increased risk of CKD progression The primary goal of 

this study was to identify independent risk factors of CKD progression among participants with 

and without diabetes in a prospective CKD cohort study (N=3379). Among those with diabetes, 

CKD progression rates approximately doubled with higher levels of the inflammatory chemokine 

CXCL12, the cardiac marker NTproBNP and the kidney injury marker urine NGAL. Among those 

without diabetes, rates increased over 1.5-fold with higher levels of high-sensitivity troponin T, 

NTproBNP and urine NGAL. The strength of these associations exceeded that of systolic blood 

pressure ≥140 mmHg, a well-established risk factor for kidney disease progression. These findings 

provide insights into potential mechanisms of CKD progression and will guide future research in 

defining subgroups at highest risk for CKD progression.

Keywords

Chronic kidney disease (CKD); diabetes; kidney replacement therapy (KRT); end-stage renal 
disease (ESRD); halving of estimated glomerular filtration rate (eGFR); eGFR slope; neutrophil 
gelatinase-associated lipocalin (NGAL); N-terminal pro-B-type natriuretic peptide (NTproBNP); 
inflammatory chemokines; CXCL12

INTRODUCTION

Approximately 15% of adult Americans have chronic kidney disease (CKD).1 CKD is a 

condition characterized by elevated levels of morbidity and mortality and an elevated risk of 

cardiovascular disease (CVD). As kidney function declines, metabolic and hemodynamic 

disturbances emerge, and rates of hospitalization, CVD, and death increase. The set of 
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known risk factors for progression of CKD is relatively small, and effective therapies and 

strategies to slow CKD progression are limited.

As a result, identification of novel risk factors is the focus of a large body of ongoing 

research. In recent years, factors found to be associated with incidence or progression of 

CKD include the APOL1 high-risk genotype,2 circulating levels of soluble urokinase-type 

plasminogen activator receptor (suPAR) in adults and in children,3, 4 urinary epithelial 

growth factor (EGF),5 and both urinary and circulating levels of uromodulin.6, 7 Efforts to 

identify and confirm these and other risk factor-outcome relationships are complicated by 

the multiple etiologies of CKD and frequently occurring comorbidities. Additionally, the 

strength or significance of findings in a risk factor analysis can differ depending on the CKD 

progression metric utilized (e.g., time to initiation of kidney replacement therapy [KRT] or 

estimated glomerular filtration rate [eGFR] decline) and adjustment for other risk factors. 

Given these complexities, a large, deeply phenotyped CKD cohort with a long duration of 

follow-up is needed to identify factors that may elucidate important disease progression 

mechanisms, lead to future interventions targeting these pathways, and identify high-risk 

groups of CKD patients who may benefit from more aggressive strategies using available 

therapies.

The Chronic Renal Insufficiency Cohort (CRIC) Study, established by the National Institute 

of Diabetes and Digestive and Kidney Diseases, is the largest prospective cohort study of 

CKD in the United States (US) and was specifically designed to identify risk factors for 

progression of diabetic and nondiabetic CKD. The goals of the current study were 1) to 

characterize rates of CKD progression across levels of numerous risk factors and 2) to 

identify independent risk factors that most significantly relate to CKD progression from 

across and within a broad set of domains among those with and without diabetes.

METHODS

Study Design and Population

Seven clinical centers from across the US enrolled participants into the CRIC Study between 

June 2003 and August 2008. The cohort of 3939 adult men and women with moderate and 

advanced CKD has been previously described.8–10 Inclusion in the CRIC Study was 

partially based on age-specific eGFR criteria as follows: 20-70 mL/min/1.73m2 for those 

aged 21-44 years, 20-60 mL/min/1.73m2 for those aged 45-64 years, and 20-50 mL/min/

1.73m2 for those aged 65-74 years. Major exclusion criteria included prior dialysis longer 

than one month, HIV infection, polycystic kidney disease, or other primary renal diseases 

requiring active immunosuppression. Participants completed annual in-person clinic visits 

during which data were obtained across multiple domains and blood and urine specimens 

were collected. After excluding participants with only one eGFR measure during follow-up, 

3379 participants were eligible for this analysis. Written informed consent was obtained 

from all study participants, and the study protocol was approved by institutional review 

boards at each of the CRIC Study clinical centers.
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Study Data

We considered a set of thirty risk factors for CKD progression representing the major 

potential mechanistic pathways examined in the CRIC Study, and when possible, multiple 

markers within pathways to identify the most significant markers. Available risk factors were 

ascertained at study baseline. Demographic risk factors were age, gender, and race/ethnicity. 

Kidney function measures included eGFR and urine albumin:creatinine ratio (UACR or 

albuminuria). Blood pressure factors were systolic blood pressure (SBP) and self-reported 

use of an angiotensin converting enzyme inhibitor or angiotensin receptor blocker (ACE/

ARB). Clinical risk factors included history of CVD and serum uric acid. The 

socioeconomic factor was level of education, and behavioral factor was current smoking. 

Body composition measures were body mass index and fat-free mass. Ankle-brachial index 

was the peripheral vascular measure and hemoglobin was the measure of anemia. High-

sensitivity C-reactive protein (hsCRP) was the general inflammatory marker, and serum 

fractalkine (CX3CL1) and plasma CXCL12 were the available inflammatory chemokines. 

Mineral metabolism markers included fibroblast growth factor-23 (FGF-23), serum 

phosphate, and intact parathyroid hormone (iPTH), and carbohydrate metabolism markers 

were hemoglobin A1c (HbA1c) and insulin resistance estimated by the Homeostatic Model 

Assessment (HOMA-IR). High-sensitivity Troponin T (hsTnT) and N-terminal pro-B-type 

natriuretic peptide (NTproBNP) were the considered cardiac markers. Serum bicarbonate 

served as the acidosis measure, urine sodium and urine potassium were the included urinary 

electrolytes, and urine neutrophil gelatinase-associated lipocalin (NGAL) was used as a 

marker of kidney injury. Serum aldosterone was included as a marker of the renin-

angiotensin-aldosterone system. Additional details regarding risk factors and CRIC data 

collection are provided in Item S1.

Stratifying Factor

Diabetes mellitus, selected a priori as the primary stratifying factor, was defined as a fasting 

glucose >126 mg/dL, a non-fasting glucose >200 mg/dL, or use of insulin or other 

medications for glycemic control at baseline.

Outcomes and Censoring Events

The two CKD progression outcomes were: 1) annual change of eGFR (i.e., eGFR slope), 

and 2) time to KRT or eGFR halving from baseline (i.e., the composite renal outcome). 

Participant follow-up was censored at time of death, loss to follow-up, or the end of the 

follow-up period, whichever occurred first. Outcomes were ascertained from study entry 

through late-2015. Outcomes and censoring events are described in more detail in Item S1.

Statistical Analysis

Summary statistics for baseline characteristics were calculated overall and by diabetes status 

using frequencies and percentages for categorical variables and mean (standard deviation 

[SD]) and median (interquartile range [IQR]) for continuous variables, as appropriate. 

Differences were assessed using the Chi-Square test, analysis of variance (ANOVA) and the 

Kruskal Wallis test, respectively. Using ordinary least squares regression, the mean eGFR 

change over follow-up for each participant was calculated, and the distribution of eGFR 
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slope was graphically depicted by diabetes status and summarized into categories. The mean 

event rate per 1000 person-years for the composite renal endpoint was calculated across 

baseline eGFR categories (<30, 30-44.9, 45-59.9, 60-75, ≥75 mL/min/1.73m2) by diabetes 

status. Each CKD progression outcome was summarized by baseline characteristics and 

diabetes status.

Multivariable-adjusted modeling of CKD progression was performed stratified by diabetes 

status. Each CKD progression outcome was modeled separately following the same three 

steps. In Step 1, all demographic, kidney function, and blood pressure factors were fit in a 

model that also included CRIC clinical center. In Step 2, each remaining factor was 

individually added to the model from Step 1. Demographic, kidney function, and blood 

pressure factors were forced into the model, but additional factors were retained in the next 

step if it had a P value <.2. In Step 3, all demographic, kidney function, and blood pressure 

factors and any identified additional factors were entered into a model, and, in a backward 

selection process, risk factors with a P value ≥.1 were removed to create a parsimonious 

model. Linear mixed effects models with random intercepts and slopes and variance 

components covariance structure were employed to model eGFR slope. To account for the 

competing risk of death, cause-specific Cox proportional hazards models were used for time 

to the development of the composite renal outcome. Violations of the proportionality 

assumption for Cox proportional hazards analysis were assessed using standard techniques 

and statistical tests of the interaction coefficients for all covariates with time in the 

multivariable-adjusted models. Factors that violated the proportionality assumption are 

included in the final model with time-stratified (years 0-6 and ≥6) hazard ratios. Due to 

missing data, a total of N=1552 without diabetes and N=1421 with diabetes were included in 

linear mixed effects models and N=1534 without diabetes and N=1347 with diabetes in Cox 

proportional hazards models. Differences across participants included in the complete case 

analyses and those eligible but excluded due to missing data were assessed and deemed 

small with all standardized differences <0.2.11

Secondary and Sensitivity Analyses

We repeated all model-building after removing albuminuria from the set of factors as a 

secondary analysis. Additionally, we chose a priori to explore for effect modification of the 

final models by race/ethnicity and albuminuria. As a sensitivity analysis, we refit all final 

models among the subset of participants free of self-reported heart failure at baseline and 

further adjusted for left ventricular ejection fraction and left ventricular hypertrophy from 

echocardiograms performed at the Year 1 study visit.

Analyses were performed using SAS v9.4 (SAS Institute Inc).

RESULTS

Participants had a mean age of 57.9 years, 55.1% were men and 7.5% were non-Hispanic 

black with high-risk APOL1 genotypes (Table 1). The mean (SD) eGFR at baseline was 49.3 

(17.6) mL/min/1.73m2 for those without diabetes and 42.2 (14.5) for those with diabetes. 

During a median (range) of 7 (1-12) years of follow-up, the mean (SD) eGFR slope was 

−1.4 (3.3) mL/min/1.73m2/year and −2.7 (4.7) among those without and with diabetes, 
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respectively (Figure 1, Panel A). Nearly 10% and 20% of study participants without and 

with diabetes, respectively, had annual declines in eGFR greater than 5 mL/min/1.73m2/

year. The unadjusted rate (95% CI) of the composite renal endpoint was 33.5 (29.6-36.5) per 

1000 person-years among those without diabetes, and 81.6 (75.9-88.6) among those with 

diabetes (Figure 1, Panel B).

Statistically significant differences (P<.05) in mean eGFR slope and rates of the composite 

renal endpoint were observed across categories of most of the considered risk factors (Table 

2). The subgroups with the fastest eGFR decline among those without diabetes were 

participants with macroalbuminuria (UACR ≥300 mg/g; mean (SD) eGFR slope: −4.1 (4.1) 

mL/min/1.73m2/year) and non-Hispanic blacks with APOL1 high risk genotype (−3.2 (4.2)). 

Among those with diabetes, eGFR declined the fastest in participants with 

macroalbuminuria (mean (SD) eGFR slope: −5.2 (5.1) mL/min/1.73m2/year) and youngest 

age (<44 years; −4.9 (7.5)). Highest rates of the composite renal endpoint were observed 

among those with macroalbuminuria and with baseline eGFR <30 mL/min/1.73m2 

regardless of diabetes status.

In intermediate models stratified by diabetes status (Step 2), only race/ethnicity, baseline 

eGFR, albuminuria, SBP, and the cardiac marker NTproBNP were statistically significant 

across all outcomes and diabetes groups (Table S1a and Table S1b).

Final models among participants without diabetes

Among those without diabetes, multivariable-adjusted models of both the composite renal 

outcome and eGFR slope identified faster progression among men, non-Hispanic blacks 

with and without the APOL1 high-risk genotype and “other” races (all non-Hispanic, non-

white, non-black race groups combined), and those with higher albuminuria, SBP, 

NTproBNP, and urine NGAL (Table 3). Multivariable-adjusted rates were significantly 

lower with greater levels of hemoglobin (≥14 g/dL for men and ≥13 for women; hazard ratio 

(HR;95% confidence interval): 0.7 (0.5-0.9)). Serum bicarbonate ≤22 mmol/L as well as 

higher high-sensitivity troponin T, NTproBNP and urine NGAL were all significantly 

associated with a 1.5-fold or greater rate of the composite outcome. These associations were 

similar or stronger than that of SBP ≥140 mmHg (HR (95% CI): 1.5 (1.1-2.0)). Those with 

lowest baseline eGFR (<30 mL/min/1.73m2) were 1.8 times as likely to initiate KRT or 

experience eGFR halving as those with eGFR of 30-44.9 mL/min/1.73m2, but those with 

eGFR of 30-59.9 mL/min/1.73m2 had the fastest eGFR decline over time. Faster eGFR 

decline was observed with the lowest and highest serum phosphate quartiles and urine 

potassium levels of 51.8-69.4 mmol/day.

Final models among participants with diabetes

In the final multivariable-adjusted models for those with diabetes, both steeper eGFR slopes 

and higher rates of KRT or eGFR halving were observed among those < 45 years of age, 

men, non-Hispanic blacks with and without the APOL1 high-risk genotype, and those with 

higher albuminuria, SBP, serum fractalkine, NTproBNP, and urine NGAL (Table 3). Hazard 

ratios approximately doubled with higher levels of the inflammatory chemokine CXCL12, 

the cardiac marker NTproBNP and the kidney injury marker urine NGAL. These strong 
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associations exceeded that of SBP ≥140 mmHg (HR (95% CI): 1.6 (1.2-2.0)). A contrasting 

pattern of progression emerged for baseline eGFR, with eGFR > 45 mL/min/1.73m2 

associated with faster eGFR decline, despite eGFR < 30 mL/min/1.73m2 being associated 

with increased rates of KRT or eGFR halving.

Figure 2 summarizes the statistical significance of the associations between risk factors 

included in each of the final CKD progression models for those with and without diabetes. 

Race/ethnicity, baseline eGFR, albuminuria, SBP, NTproBNP, and urine NGAL were strong 

and consistent predictors across models including participants with and without diabetes.

Alternative final models fit without albuminuria are summarized in Figure 3 and Tables S2a 

and S2b. Several effect estimates became stronger, and while risk factor selection was 

largely consistent with or without albuminuria in the model, there were a few noteworthy 

exceptions. Several demographic and blood pressure risk factors including age, gender, and 

ACE/ARB use were incrementally retained in these models. Other factors that emerged were 

smoking, fat-free mass, and FGF23 for those without diabetes, and a history of CVD, 

smoking, intact PTH, HbA1c, hsTnT, and serum bicarbonate for those with diabetes.

Exploration of potential effect modification by albuminuria (Tables S3a and S3b) and race/

ethnicity (Tables S4a and Table S4b) identified a significant interaction of albuminuria with 

race, SBP, hemoglobin, and NTproBNP among those without diabetes and with race and 

urine NGAL among participants with diabetes. Significant effect modification by race/

ethnicity was observed for albuminuria, SBP, fat-free mass, and NTproBNP among those 

without diabetes and for gender and albuminuria among those with diabetes.

DISCUSSION

Chronic kidney disease progression is associated with significant morbidity and mortality 

and varies substantially across certain subgroups (e.g., diabetes versus no diabetes, Blacks 

compared to Whites) and between individuals within the same subgroup. Despite our 

knowledge of a small set of well-established risk factors such as albuminuria and diabetes, 

the pathophysiology of CKD progression is not well understood. In the current study, 

demographic, kidney function, and blood pressure risk factors, including non-Hispanic black 

race (especially those with APOL1 high-risk genotypes), baseline eGFR, higher proteinuria, 

and higher SBP, were consistently associated with higher rates of CKD progression among 

both those with and without diabetes after adjustment for additional measures. Novel 

markers including higher levels of the inflammatory chemokine plasma CXCL12, the 

cardiac marker NTproBNP, and the kidney injury marker urine NGAL were all 

independently associated with an approximate twofold or greater rate of the composite renal 

endpoint among participants with diabetes. Low serum bicarbonate as well as higher high-

sensitivity troponin T, NTproBNP and urine NGAL were all independently associated with a 

1.5-fold or greater rate, and higher hemoglobin was associated with a significantly lower rate 

of the composite outcome among those without diabetes. Indeed, strong associations for 

cardiac markers, plasma CXCL12, and urine NGAL exceeded that of systolic blood pressure 

≥140 mmHg, a well-established risk factor for CKD progression.
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Among the set of potential novel risk factors for CKD progression, the strongest signal was 

observed with the cardiac marker NTproBNP. NTproBNP levels are elevated following 

myocardial stretch due to pressure or volume overload in the general population and with 

lower eGFR levels in the setting of CKD, and are strongly associated with heart failure.12–15 

In the current study, NTproBNP is also strongly associated with CKD progression both 

among those with and without diabetes. In models restricted to those free of self-reported 

heart failure at baseline and adjusted for left ventricular ejection fraction and left ventricular 

hypertrophy, the strength of the NTproBNP findings remain similar, suggesting that the 

observed relationship between NTproBNP and CKD progression may reflect more than 

heart failure-induced kidney function decline. In other words, NTproBNP may be a marker 

of cardiorenal syndrome, but this requires confirmation in additional populations. A few 

previous studies have reported an association of NTproBNP with CKD progression,16–18 

although these studies had limitations of smaller sample sizes and less representative study 

populations. The current study confirms these earlier reports and extends them by 

demonstrating that NTproBNP is a robust marker of diabetic and non-diabetic CKD 

progression, using several measures of kidney function and an iterative model selection 

process to identify factors most strongly associated with renal outcomes.

Urinary NGAL was initially studied in the setting of acute kidney injury, given its release 

from tubular epithelial cells following damage.19 Following the discovery that NGAL levels 

are also elevated in the setting of CKD, this marker has been found to be associated with 

CKD progression, including in a previous CRIC Study analysis.20, 21 In the current analysis, 

urine NGAL was strongly associated with progression of diabetic and non-diabetic CKD, 

suggesting that it captures some of the variability in rates of kidney function decline not 

explained by albuminuria or other risk factors.

Although we identified a number of risk factors for CKD progression shared among patients 

with and without diabetes, we found several notable differences in risk factor patterns when 

diabetes status was considered, including a specific relationship between inflammatory 

chemokines and progression of diabetic CKD. The C-X-C motif, ligand 12 chemokine 

(CXCL12, also known as stromal cell-derived factor-1) is ubiquitous across numerous 

tissues and cell types and plays complex and tissue-specific biologic roles.22, 23 CXCL12 

was previously reported as being associated with increased risk of incident myocardial 

infarction and death in the CRIC Study.24 Fractalkine, or C-X3-C motif, ligand 1 (CX3CL1), 

is also an inflammatory chemokine and possibly promotes atherosclerotic CVD and the 

pathogenesis of diabetes mellitus.25, 26 The CRIC Study previously reported an independent, 

increased odds of prevalent diabetes and risk of mortality associated with elevated levels of 

fractalkine.27 A few studies have examined the potential relationships of these chemokines 

to kidney disease.28–31 Taken with the current study, this growing evidence supports the 

need for further investigation into these possible diabetes-specific CKD progression 

pathways. It should be noted that both inflammatory chemokines were identified among the 

most significant risk factors for CKD progression in the current study rather than hsCRP, a 

general marker of inflammation. Given the role of inflammatory chemokine release in 

triggering destructive invasion into essential organs, exploration of these markers as possible 

mechanistic factors for CKD progression among those with diabetes is warranted.32
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Albuminuria levels above 300 mg/g were associated with the highest risk of CKD 

progression among all risk factors considered in this study regardless of diabetes. Because 

albuminuria may be on the causal pathway between many risk factors studied and kidney 

disease progression, we reimplemented analyses after excluding albuminuria, and observed 

two principal findings. First, several effect estimates increased for factors included in the 

models. Second, several factors including smoking, mineral metabolism markers, and 

HbA1c become newly significant, thereby highlighting pathways that may be mediated 

through albuminuria. Alternatively, these risk factors may truly be confounded by 

albuminuria but additional analyses with repeated measures of the risk factors and 

albuminuria are necessary to distinguish between these two explanations. Among those 

without diabetes, the association of ACE/ARB use with eGFR slope became non-significant, 

but with the composite renal endpoint became newly significant after albuminuria was 

omitted. With the well-documented anti-proteinuric and possible reno-protective effects of 

ACE/ARBs, this finding is not unexpected.33 While cigarette smoking does not appear in 

our primary models, it is significantly associated with time to KRT/eGFR halving regardless 

of diabetes status after removal of albuminuria. Previous reports linking smoking to CKD 

progression are heterogeneous and to our knowledge did not investigate possible mediation 

through proteinuria, so this remains an area for future research.34, 35 Of note, both FGF23 

(for those without diabetes) and intact PTH (for those with diabetes) come forward in 

models once albuminuria is no longer accounted for, lending further support to the 

importance of mineral metabolism pathways in the progression of CKD.36–40 Finally, 

HbA1c, which has been shown to be associated with proteinuria and CKD progression, 

demonstrated mixed findings in our diabetic subgroup.41–43 In secondary analyses, 

albuminuria was found to significantly modify the effect of some of the key novel markers 

including urine NGAL among those with diabetes and NTproBNP among participants 

without diabetes. Albuminuria also significantly interacted with race/ethnicity regardless of 

diabetes status. These differential associations across levels of albuminuria should be 

explored further in future investigations of these risk factors for CKD progression.

Strengths of this study are the inclusion of a large number of men and women with and 

without diabetes, follow-up for as long as 12 years, and the simultaneous investigation of 30 

risk factors for CKD progression. The extensive characterization of sociodemographic 

factors, clinical and physical attributes, and biochemical profiles of CRIC Study participants 

enabled the identification of unique sets of risk factors for CKD progression by diabetes 

status. Models of both KRT/eGFR halving and eGFR slope permitted investigation of both 

clinical endpoints and measures of kidney function decline.

Several limitations of the current study should also be noted. First, while the CRIC Study 

population included CKD patients with and without diabetes, it is not entirely representative 

of all patients with CKD in the United States. Additionally, the heterogeneity of CKD 

patients without diabetes who were combined together in these analyses may have obscured 

some important signals relevant to smaller subgroups embedded within this population. 

Future efforts to better sub-phenotype these CKD patients will likely improve efforts to 

identify potential targets for future therapies and refine risk estimates for CKD progression. 

Second, there may be other important risk factors that were not considered in our study. 

However, factors in the current study were selected a priori based on existing literature, 
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availability of measures at baseline, and ongoing CRIC Study analyses, with the goal of 

identifying the most significant risk factors across and within major potential mechanistic 

pathways. Third, GFR estimates in the CRIC Study are obtained only annually, and the 

number of eGFR values ranges from two to twelve. Given estimates of GFR slope over time 

are less precise for those participants with shorter follow-up, we utilized linear mixed effects 

models to more heavily weight slope estimates from individuals with longer follow-up. 

Fourth, it remains to be determined if some of the risk factors identified serve as proxies for 

reduced renal clearance or if they represent potential explanatory pathways. Fifth, 

measurement error varied across candidate risk factors and may have influenced retention of 

factors and magnitude of effects in the final models.44 Lastly, participants ineligible for this 

study due to the availability of only one eGFR measurement for slope models were more 

likely to have a baseline eGFR <30 mL/min/.73m2 and higher levels of albuminuria. As 

such, rates of CKD progression in the current study are likely an underestimate of the entire 

CRIC population at baseline. In addition, use of complete case analyses excluded 

approximately 400 participants from the final models and may have influenced selection of 

risk factors. However, differences across those included and excluded from the analyses 

revealed only small differences across all considered factors, so the impact of this modeling 

approach should be minimal.

The current study confirms the strong relationships of demographic, kidney function, and 

blood pressure risk factors including race/ethnicity, baseline eGFR, albuminuria, and SBP 

with CKD progression among those with and without diabetes. This study also observed 

higher levels of the novel markers inflammatory chemokine plasma CXCL12, cardiac 

marker NTproBNP, and kidney injury marker urine NGAL were each independently 

associated with an approximate doubling of the rate of the composite renal endpoint among 

participants with diabetes. Low serum bicarbonate as well as higher high-sensitivity troponin 

T, NTproBNP and urine NGAL were all independently and significantly associated with a 

1.5-fold or greater rate, and higher hemoglobin was associated with a significantly lower rate 

of the composite outcome among those without diabetes. Increase in hazard with elevated 

cardiac markers, plasma CXCL12, and urine NGAL exceeded that of systolic blood pressure 

≥140 mmHg, a well-established risk factor for CKD progression. Taken together, these 

strong, novel risk factors for CKD progression provide avenues for future investigation into 

potential pathways of progression as well as opportunities to better define sub-phenotypes of 

patients with higher CKD progression risk profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Rates and patterns of chronic kidney disease progression for Chronic Renal Insufficiency 

Cohort participants with and without diabetes.

Panel A: Annual change in estimated glomerular filtration rate (eGFR) in mL/min/1.73m2/

year and percentage within categories of eGFR change by diabetes status. Percentages do 

not add up to 100%, as the tails of the distributions were truncated.

Panel B: Unadjusted event rates of kidney replacement therapy (KRT) or eGFR halving per 

1,000 person-years by diabetes status and level of baseline eGFR.
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Figure 2. 
Summary of the statistical significance of chronic kidney disease progression risk factors in 

the Chronic Renal Insufficiency Cohort Study

Panel A: Demographic, kidney function, and blood pressure risk factors for estimated 

glomerular filtration rate (eGFR) slope and the composite renal outcome of kidney 

replacement therapy (KRT) and eGFR halving.

Panel B: Clinical, socioeconomic, behavioral, body composition, vascular, anemia, 

inflammatory, mineral or carbohydrate metabolism, cardiac, acidosis, urinary electrolyte, 
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kidney injury, and RAAS factors for estimated glomerular filtration rate (eGFR) slope and 

the composite renal outcome of kidney replacement therapy (KRT) and eGFR halving.
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Figure 3. 
Summary of final variable selection of chronic kidney disease progression risk factors 

among CRIC participants without or with diabetes before and after exclusion of albuminuria 

measure UACR. Variables selected in modeling without exclusion of albuminuria indicated 

in blue, with exclusion of albuminuria indicated in orange, and selected both with and 

without albuminuria indicated in gray.
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Panel A: Demographic, kidney function, and blood pressure risk factors for estimated 

glomerular filtration rate (eGFR) slope and the composite renal outcome of kidney 

replacement therapy (KRT) and eGFR halving.

Panel B: Clinical, socioeconomic, behavioral, body composition, vascular, anemia, 

inflammatory, mineral or carbohydrate metabolism, cardiac, acidosis, urinary electrolyte, 

kidney injury, and RAAS factors for estimated glomerular filtration rate (eGFR) slope and 

the composite renal outcome of kidney replacement therapy (KRT) and eGFR halving.

Tables 2 and 3 provide the specific magnitude and direction of the risk factor associations, 

which include both linear and non-linear associations.
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