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Abstract

Key

Few investigations have evaluated the incremental usefulness of tubular injury biomarkers for
improved prediction of chronic kidney disease (CKD) progression. As such we measured urinary
kidney injury molecule-1, neutrophil gelatinase-associated lipocalin, N-acetyl beta-D-
glucosaminidase and liver fatty acid binding protein under highly standardized conditions among
2466 enrollees of the prospective Chronic Renal Insufficiency Cohort Study. Over 9433 person-
years of follow-up, there were 581 cases of CKD progression defined as incident end stage renal
disease or halving of the estimated glomerular filtration rate. Levels of the urine injury biomarkers,
normalized for urine creatinine, were strongly associated with CKD progression in unadjusted Cox
proportional-hazard models with hazard ratios in the range of 7 to 15 comparing highest to lowest
quintiles. However, after controlling for the serum creatinine-based estimated glomerular filtration
rate and urinary albumin/creatinine ratio, none of the normalized biomarkers was independently
associated with CKD progression. None of the biomarkers improved upon the high (0.89) C-
statistic for the base clinical model. Thus, among patients with CKD, risk prediction with a
clinical model that includes the creatinine-based estimated glomerular filtration rate and the
urinary albumin/creatinine ratio is not improved with the addition of renal tubular injury
biomarkers.

words

urine biomarkers; chronic kidney disease; kidney injury; CKD progression; prediction;
proteinuria; microalbuminuria

INTRODUCTION

There is substantial interest in identifying and validating novel biomarkers in chronic kidney
disease (CKD) to better identify patients at high risk of rapid loss of renal function.! One
major motivation has been the perceived short-comings of serum creatinine-based estimated
glomerular filtration rate (eGFR) or albuminuria which have been criticized as being
insensitive and inadequate for identifying high risk patients.1=3

A number of studies have shown that among CKD patients, higher levels of renal tubular
injury biomarkers--many discovered in the context of acute ischemia-reperfusion injury and
including kidney injury molecule-1 (KIM-1),4 neutrophil gelatinase-associated lipocalin
(NGAL),>8 N-acetyl-beta-D-glucosaminidase (NAG)8, and liver fatty acid binding protein
(L-FABP)%-12- are associated with more rapid loss of renal function.4-56: 8. 10. 12-15 Here we
evaluated in a large national prospective study, the Chronic Renal Insufficiency Cohort
Study (CRIC), the independent association between these markers and the rate of
progression of CKD as well as their incremental usefulness in predicting progression beyond
the established markers: eGFR and urinary albumin/creatinine ratio (ACR).
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RESULTS

Table 1 shows baseline characteristics of the study population (N=2466). Median
[interquartile range] eGFR was 42 [IQR 30, 55] ml/min/1.73m2, median ACR 53.0 [5.6,
503.1] mg/g, median KIM-1/Cr 1399 [758, 2618] ng/g, NGAL/Cr 12.75 [3.89, 46.19]
microg/g, NAG/Cr 4.03 [2.41, 7.29] U/g, and L-FABP/Cr 7.31 [1.88, 28.11] microg/g.
Patients with higher levels of ACR had higher levels of all biomarkers (and lower eGFR).
(Supplementary Table 1 shows baseline characteristics by quintiles of KIM-1/Cr, NGAL/Cr,
and NAG/Cr and for categories of L-FABP/Cr. Supplementary Table 2 shows Spearman
correlation coefficients among the normalized biomarkers and with ACR and eGFR.)

Over 9433 person-years of follow-up, 581 cases of CKD progression were observed
(incidence rate 61.6/1000 person-years). In univariable analysis, patients with progressively
higher levels of biomarkers were at progressively higher risk of CKD progression for all four
biomarkers (Figure 1a-1d Kaplan-Meier curves). Comparing the highest quintile of
biomarker concentration with the lowest quintile, the unadjusted Cox model HRs for renal
progression were 7.68 (95% confidence interval [CI] 5.61-10.5) for KIM-1/Cr, 12.85 (95%
Cl19.02-18.31) for NGAL/Cr, 15.16 (95% CI 10.17-22.59) for NAG/Cr and 10.67(95% ClI
7.46-15.25) for L-FABP/Cr (comparing top group with the lowest group, where levels were
undetectable)(p-value for trend <0.0001 for all)(Table 2).

Adjusting for demographic factors (and clinical center) did not significantly attenuate the
associations (Table 2, Model 1). However, additional adjustment for ACR greatly weakened
associations (Table 2, Model 2). Adjusting for eGFR also weakened associations, but to a
lesser degree than adjusting for ACR (Table 2, Model 3). After adjusting for both ACR and
eGFR, none of the biomarkers were associated with renal disease progression (Table 2,
Model 4). There were also no independent associations between the biomarkers and CKD
progression in the full model, which also adjusted for clinical parameters such as diabetes
status and systolic BP (Table 2, Model 5).

The C-statistic for the base clinical model was 0.890 (95% CI 0.878-0.901)(Table 3).
Consistent with the null findings from regression models, none of the biomarkers led to a
change in the C-statistic when added to the base clinical model (Table 3). Furthermore,
albuminuria (and eGFR) remained a strong independent risk factor for CKD progression in
models that simultaneously included all the injury biomarkers and ACR, even when ACR
was not modeled with a spline term (Supplementary Table 3).

In sensitivity analysis examining biomarker levels not normalized for urine creatinine,
higher urine concentrations of KIM-1 and NAG were independently associated with CKD
progression the fully adjusted model (Supplementary Table 4). However, the change to the
C-statistic was minimal (C-statistics for models with raw KIM-1 and NAG concentrations
added were both 0.891)(Table 3).

When we limited our study population to patients deemed at intermediate risk for CKD
progression based on Kidney Disease: Improving Global Outcomes (KDIGO) risk
stratification, the C-statistic for the base clinical model was lower, 0.764 (95% CI 0.698—
0.833). The change in the C-statistic with normalized biomarkers was greatest with
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KIM-1/Cr with area under the ROC curve of 0.774 (Table 3). Attempts at combining
information from biomarkers (e.g. by creating a composite score or via principal component
analysis) did not result in further improvement of the C-statistic (data not shown).

DISCUSSION

In this large U.S. study of individuals with CKD, we observed that higher levels of renal
tubular injury biomarkers were strongly associated with risk of subsequent CKD
progression, with unadjusted hazard ratios on the order of 7 to 15 comparing highest to
lowest quintile of biomarker levels. However, after adjusting for conventional risk factors,
none of these urine biomarkers normalized to creatinine was independently associated with
CKD progression and, accordingly, none improved risk stratification.

Although numerous studies have demonstrated associations between different classes of
biomarkers and loss of renal function in CKD patients, few investigations have evaluated the
incremental utility of specific biomarkers. Some prior studies did not capture information
regarding albuminurial® or did not have albuminuria measurements concurrent with the
biomarkers measurements’: 18 or did not analyze albuminuria beyond a dichotomous!? or
semi-quantitatively fashion.1® eGFR was usually not modeled flexibly (e.g. with a spline) to
optimize its contribution to prediction.16-19 The conclusions from this study are consistent
with the one prior publication from CRIC, which was limited to urine NGAL.> 20 In that
study, NGAL was measured in urine obtained as part of a 24-hour collection that could have
been stored at study participant’s home for as long as a week, raising concern that protein
degradation may have biased findings towards the null.> In the current study, we analyzed
urine samples that were rapidly processed after voiding under conditions fully controlled by
the research team.2! In addition, we expanded our biomarker panel to include KIM-1, NAG
and L-FABP.

Our findings are consistent with recent reports from a Taiwan cohort of CKD patients,22 and
studies of Pima Indians® and Atherosclerosis Risk in Communities Study enrollees?3 where
measuring tubular injury biomarkers did not add to the prediction of future renal function
decline. Our results differ from those of a study enriched with CKD patients with glomerular
disease, which showed that the C-statistic for traditional risk factors for CKD progression
(including baseline eGFR and albuminuria) was only 0.758 and the addition of a
multipeptide biomarker classifier significantly improved it to 0.831.24 The exact reasons for
these discrepant findings are not known but may relate to differences in the patient
population and end-point definition. An important observation in the current study is that the
C-statistic for the base clinical model was very high at 0.890. The high discriminatory ability
of conventional risk factors for CKD progression has been reported?® but not highlighted in
prior studies of novel biomarkers for CKD progression. For example, the Chronic Renal
Impairment in Birmingham study generated a risk prediction equation for end-stage renal
disease (ESRD)-based on sex, serum creatinine, serum phosphate level and ACR-which
achieved a C-statistic of 0.87 in the derivation cohort and a C-statistic of 0.91 in an external
validation cohort.26 Similarly, a four-variable Kidney Failure Risk Equation (consisting of
age, sex, eGFR and ACR) had a C-statistic of 0.91 in the development data set?” and a C-
statistics of 0.88-0.90 in validation populations (all with CKD stages 3-5).28 Beyond
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patients with reduced eGFR, a meta-analysis of general population cohorts reported a C-
statistic for predicting ESRD in a model with eGFR, albuminuria, demographics (age, sex,
race/ethnicity), and basic clinical parameters (smoking status, history of cardiovascular
disease, systolic blood pressure, diabetes, serum total cholesterol concentration, body mass
index) of 0.92.2% By comparison, the Framingham equation for coronary heart disease
generally performs in the C-statistic range of 0.65-0.80.30: 31 This may be because eGFR
and albuminuria are arguably more than just risk factors but actually markers of established
kidney disease on the pathway to ESRD.

Our findings underscore the fact that traditional biomarkers such as eGFR and ACR (plus
easily available clinical parameters) perform rather well in terms of identifying CKD
patients at high risk for future loss of renal function. This has important implications for
future studies of CKD biomarkers. It is unlikely that that a C-statistic in the range of 0.9 can
be improved upon, or needs improving. Further enhancement in discrimination is unlikely to
be achieved regardless of whether future studies are based on particular disease pathways or
leverage cutting edge “omic” technologies.

We believe that if novel biomarkers were to improve prediction of CKD progression, they
would have to be discovered and validated under circumstances where established and easily
assessed clinical risk factors are less predictive. Thus, after completing our pre-planned
analyses, we attempted to identify such a population by restricting the range of eGFR and
ACR. In our exploratory analysis limited to CKD patients considered intermediate risk by
KDIGO, we observed that the C-statistic for our model incorporating traditional risk factors
was lower at 0.764, indicative of a greater opportunity for improvement in prediction. Our
results in this subgroup suggest that injury biomarkers such as KIM-1 may provide
incremental value among these individuals, although the observed magnitude of the change
in C-statistic was small. Furthermore, in CRIC, only 44 out of 581 cases of CKD
progression were observed among the intermediate risk group (vs. 535 cases among those
considered high risk by KGIDO). Thus, any future studies limited to intermediate risk
subgroups need to address potential problems of study power, generalizability and public
health relevance.

It is interesting to speculate why tubular injury biomarkers did not add incremental
usefulness to assessing risk of CKD progression. The association between tubular injury
biomarkers and progressive CKD was considerably attenuated after controlling for ACR
(more so than after controlling for eGFR; Table 2 Model 2 vs. Model 3). Although
albuminuria is often considered solely a marker for glomerular dysfunction,* 32 it may also
be closely linked with tubular injury.3334. 35 The increased load of filtered albumin (and
molecules bound to albumin) reaching the tubular lumen may be directly toxic to tubular
cells.36-38 In a model of tubulointerstitial damage in uninephrectomized rats caused by
repeated intraperitoneal injections of bovine serum albumin, injury to the proximal tubule
from filtered albumin leads to increases in KIM-1 production and release into the urine.3°
Alternatively, there are provocative data3* 40-44 that more albumin may be filtered under
normal conditions than generally accepted and proximal tubule reclamation rate may be an
important determinate of urinary albumin excretion rate. Thus higher ACR may not only be
due to altered glomerular permeability but also reflect tubular damage.
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We should emphasize that CKD biomarkers have many valuable roles other than for
prediction of CKD progression. For example, they can shed important pathophysiological
insight into disease pathways,*> 46 which can then lead to novel therapeutic targets or better
understanding of drug toxicity. Our results should not be interpreted to suggest that tubular
injury is not associated mechanistically with CKD progression.*’ Biomarkers may also help
distinguish between different subtypes of CKD and provide a non-invasive way to track the
state of some diseases that may alternate between periods of active inflammation vs.
fibrosis.8 49 In terms of risk prediction, there are other outcomes besides kidney disease
progression that are important for CKD patients, including death, cardiovascular disease
events or acute kidney injury.>%-52 The base clinical models for these outcomes appear to
have lower C-statistics,2> and therefore these biomarkers may be more useful in that context.

The strengths of this study include its large size and national scope, and the simultaneous
measurements of multiple biomarkers. In addition, bio-samples were rigorously collected
under standardized conditions. Our assay platforms and methodologies were specifically
chosen to be state-of-the art and great attention was paid to quality control issues, including
creation and adherence to well-annotated standard operating procedures.?! The CRIC study
systematically ascertained renal function. In addition to the detailed in-person follow-up and
direct determination, ESRD ascertainment in CRIC was supplemented via crosslink with US
Renal Data System. Important clinical covariates known to strongly associate with CKD
progression were rigorously ascertained and considered in the statistically model. Results
were consistent whether biomarkers levels were normalized for urine creatinine
concentration or analyzed as absolute urine biomarker concentrations.?!

Limitations include the fact that biomarkers were only measured once. There was a
relatively long gap between collection of urine and measurement of the biomarkers, but
these samples were stored at =80°C for the entire duration.53-57 There is research suggesting
that KIM-1 and NGAL are stable over at least 5 years,>3 and that there is a minimal amount
of KIM-1 and NGAL degradation over several freeze-thaw cycles.>® There are limited
published data on the stability of NAG and L-FABP under the same conditions. However, a
number of prior biomarker studies have measured these analytes in samples that had been
stored for even longer than here.8: 23. 32,58 Fyrthermore, the very strong unadjusted
associations between urine biomarker levels and clinical outcomes (with hazard ratios in the
range of 7 to 15 comparing highest to lowest quintiles) argue against there being substantial
degradation which would lead to bias towards the null. Nonetheless, this is a potential
limitation of our study, and the results should be interpreted with this caveat. Our results
may not be generalizable to all CKD patients such as those with primary glomerular
disease,1® polycystic kidney disease or those with multiple myeloma since these were not
well represented in or entirely excluded from CRIC. CRIC did not enroll patients receiving
active immunosuppression. We do not have renal biopsy data in CRIC study participants to
definitely establish cases of CKD due to tubulo-interstitial disease vs. glomerular disease,
although we had no a priori hypothesis regarding this distinction. Our findings may also not
generalize to populations with higher eGFR.24: 59

In conclusion, urine biomarkers of tubular injury were strongly associated with CKD
progression in unadjusted analyses. However there was no independent association after
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adjusting for eGFR, ACR and other established risk factors for CKD progression. Thus, in a
general CKD population, measurement of tubular injury biomarkers does not provide
additional information for risk prediction for CKD progression, and do not appear to have a
role for purposes such as enrichment of clinical trials or providing additional prognostic
information to patients. For many individuals with CKD, existing metrics such as eGFR and
ACR are able to correctly identifying those at high risk for progression. If tubular injury
biomarkers have a role in risk prediction for CKD progression, it will likely be in
subpopulations with more limited ranges of eGFR and albuminuria, such as those deemed
intermediate risk according to the KDIGO. These findings should inform the design of
future studies of CKD progression.

Study Sample

The CRIC study design and baseline characteristics have been published.6%-62 Briefly, adult
patients with eGFR 20-70 mL/min/1.73m?2 were enrolled throughout the U.S. Important
exclusion criteria included polycystic kidney disease, multiple myeloma, or
glomerulonephritis on active immunosuppression. Since late 2005, urine samples designed
specifically for biomarker studies were collected. Freshly voided urine samples were placed
on ice immediately and processed within one hour. Samples were spun at 2000g for 5
minutes in a refrigerated centrifuge; the supernatants were immediately transferred to new
screw-top cryovial tubes and frozen at —80°C. All urine aliquots used in this analysis had
undergone only one prior freeze-thaw cycle. Samples for this study were from 3,232
participants who were free of ESRD at the time of urine collection. A sample aliquoting
error by a commercial vendor resulted in exclusion of 720 participants, leaving 2,512 with
available samples--among whom 2466 had valid measurements of all four biomarkers.

Biomarker measurements

The mean duration of storage time between collection and measurement was 7.2+0.5 years.
Each urinary biomarker was assayed at a single performance laboratory using a single assay
selected based on established track record and expertise,8 23 sample volume requirement
and regulatory considerations. Urinary albumin and creatinine were measured by a kinetic
colorimetric assay on a Roche automated analyzer (Indianapolis, IN) and L-FABP was
measured by a 2-step sandwich ELISA assay (CMIC, Tokyo, Japan) at the University of
Pennsylvania. KIM-1 was measured by a microbead-based sandwich ELISA on a
Bioplex-200 platform (Bio-Rad, Hercules, CA) and NAG was measured using an enzymatic
assay (Roche, Indianapolis, IN) at Brigham and Women’s Hospital. NGAL was measured by
a non-competitive sandwich assay with chemiluminescent signal detection on an
ARCHITECT® platform (Abbott Diagnostics, Abbott Park, IL) at University College,
Dublin, Ireland. Description of the relevant laboratory Standard Operating Procedures for
KIM-1, NAG and L-FABP have been posted online by the CKD Biomarker Consortium.%3
For NGAL, all assays were performed on an Abbott ARCHITECT analyzer according to the
manufacturer’s instructions.% Blind replicate samples were included for quality assurance.2
To detect assay drift, for KIM-1, NAG, and L-FABP, control samples were measured during
each sample run, and Levey-Jennings plots were used to determine if the results were
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satisfactory. There was no net movement in the concentrations of any of these biomarkers
during the course of the analyses, and it was concluded that there was no drift present. In
addition, proficiency samples were run periodically during testing. For NGAL, prior to
sample testing, the laboratory performed imprecision testing with satisfactory results, with
CV values for all assays/levels well within the recommended tolerances per the
manufacturer. Daily QC (duplicates of all controls run every morning before testing) was
also conducted. To take into account differences in urine concentration, our primary analysis
was based on biomarker levels normalized to urine creatinine concentration (which is also
done for all CKD Biomarkers Consortium studies.8: 23) We performed sensitivity analyses
analyzing absolute urine biomarker concentrations.

The primary outcome was CKD progression, defined as a composite endpoint of incident
ESRD (receipt of chronic dialysis or kidney transplant®) or halving of eGFR.65: 66 Follow-up
for this analysis was through March 30, 2012. Death and loss to follow-up were considered
as censoring events.

Statistical Analyses

We used Cox proportional hazards models to examine time to CKD progression. Biomarkers
were analyzed as quintiles and continuously per standard deviation after log transformation.
For L-FABP, a significant proportion of the cohort had biomarker levels that were below the
lower limit of detection; consequently, we divided the cohort into those with undetectable
levels (N=388), those with levels below the lower limit of detection established by the
performance laboratory (N=472), and divided the remaining participants into tertiles of
normalized biomarker levels. In addition to unadjusted analysis, we conducted a series of
multivariable models to better understand the relations among these injury biomarkers,
established risk factors and CKD progression:

Model 1: Biomarkers + baseline age, sex, race/ethnicity, clinical center
Model 2: Model 1 + baseline ACR

Model 3: Model 1 + baseline eGFR

Model 4: Model 1 + baseline ACR + baseline eGFR

Model 5: Model 4 + diabetes mellitus (DM), history of cardiovascular disease
(CVD), systolic blood pressure (SBP), body mass index (BMI), use of angiotensin
converting enzyme inhibitors (ACE-I)/angiotensin receptor blockers (ARB),
education. For the two established predictors of progression, eGFR and ACR, due to
known non-linear associations with the outcome,® quadratic splines terms were used.

We plotted the Schoenfeld residuals vs. time and found no evidence that the proportional
hazards assumption was violated.

To assess whether the injury biomarkers improved risk reclassification, we compared C-
statistics in fully adjusted models with and without each of the four biomarkers.87: 68 The
base clinical model included all the variables in Model 5 above except for the biomarker
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(namely age, sex, race/ethnicity, clinical center, ACR, eGFR, DM, CVD, SBP, BMI, use of
ACE-I/ARB, education). Since these analyses were pre-planned, no adjustments were made
for multiple testing.

After we obtained our main results, we conducted post hoc additional exploratory analyses
in the subgroup of patients deemed at intermediate risk for CKD progression according to
the Kidney Disease: Improving Global Outcomes (KDIGO) risk stratification (specifically
eGFR 260 ml/min/1.73m?2 and ACR =30 mg/g Cr; or eGFR 45-59 ml/min/1.73m? and ACR
0-300 mg/g Cr; or eGFR 30-44 ml/min/1.73m? and ACR <30 mg/g Cr).59

All analyses were carried out using SAS 9.4 (SAS Institute Inc., Cary, NC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure la-1d.
Kaplan-Meier survival curves for CKD progression by biomarker quintile (all log-rank p-

values < 0.0001) (Q1 is lowest quartile and Q5 is highest quartile)
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Table 1

Baseline patient characteristics (N=2466)

Age (meanzSD)

Female N (%)

Race/ethnicity N (%)
Non-Hispanic White
Non-Hispanic Black
Hispanic
Other

Diabetes Mellitus N (%)

Cardiovascular Disease N (%)

Urinary albumin/Cr ratio (ACR) (median [IQR])

eGFR (mean+SD)

Systolic BP (mean+SD)

Diastolic BP (mean+SD)

Body Mass Index (meanSD)

KIM-1/Cr (median [IQR])

NGAL/Cr (median [IQR])

NAG/Cr (median [IQR])

L-FABP/Cr (median [IQR])

59.5+10.8 years
1131 (46%)

1049 (43%)
949 (38%)
378 (15%)
90 (4%)
1226 (50%)
849 (34%)

53.0 [5.6 — 503.1] mg/g
43.6 + 17.8 mL/min/1.73 m?
127.1 +22.1 mmHg
69.7 £ 12.7 mmHg
32.1+ 7.7 kg/m?
1399 [758 - 2618] ng/g
12.75 [3.89 — 46.19] mcg/g
4.03 [2.41-7.29] Ulg
7.31[1.88-28.11] mcg/g
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Table 3
C-statistic for the base clinical model and incremental change with addition of novel

biomarkers in the full study sample and intermediate risk population

The base clinical model included age, sex, race/ethnicity, clinical center, ACR, eGFR, DM, CVD, systolic BP,
BMI, ACE-I/ARB use, and education. Log-transformed biomarker results are expressed per log standard
deviation

Model Full study sample  |ntermediate risk™
Base clinical model 0.890 0.764
Base clinical model + log(KIM-1/Cr) 0.890 0.774
Base clinical model + log(KIM-1) 0.891 0.779
Base clinical model + log(NGAL/Cr) 0.890 0.766
Base clinical model + log(NGAL) 0.891 0.762
Base clinical model + log(NAG/Cr) 0.890 0.768
Base clinical model + log(NAG) 0.890 0.775
Base clinical model + L-FABP/Cr ™ 0.890 0.762
Base clinical model + L-FABP ** 0.890 0.766

*
L-FABP/Cr was divided in to those with undetectable levels, those with absolute levels below the lower limit of detection, and then into tertiles of
the normalized biomarker

*
LFABP was divided in to those with undetectable levels, those with absolute levels below the lower limit of detection, and then into tertiles of the
raw biomarker

”Intermediate risk population had eGFR =60 ml/min/1.73m2 and ACR 230 mg/g Cr; or eGFR 45-59 ml/min/1.73m2 and ACR 0-300 mg/g Cr; or
eGFR 30-44 ml/min/1.73m2 and ACR <30 mg/g Cr

Kidney Int. Author manuscript; available in PMC 2018 January 01.



	Abstract
	INTRODUCTION
	RESULTS
	DISCUSSION
	METHODS
	Study Sample
	Biomarker measurements
	Outcome
	Statistical Analyses

	References
	Figure 1a–1d
	Table 1
	Table 2
	Table 3



