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Abstract
Background and objectives eGFR and albuminuria primarily reflect glomerular function and injury, whereas
tubule cell atrophy and interstitial fibrosis on kidney biopsy are important risk markers for CKD progression.
Kidney tubule injury markers have primarily been studied in hospitalized AKI. Here, we examined the
association between urinary kidney tubule injurymarkers at baselinewith subsequent loss of kidney function in
persons with nondiabetic CKD who participated in the Systolic Blood Pressure Intervention Trial (SPRINT).

Design, setting, participants,&measurementsAmong2428SPRINTparticipantswithCKD(eGFR,60ml/minper
1.73 m2) at baseline, we measured urine markers of tubule injury (IL-18, kidney injury molecule-1 [KIM-1],
neutrophil gelatinase-associated lipocalin [NGAL]), inflammation (monocyte chemoattractant protein-1
[MCP-1]), and repair (human cartilage glycoprotein-40 [YKL-40]). Cox proportional hazards models evaluated
associations of thesemarkerswith the kidney composite outcome of 50%eGFRdecline or ESKD requiringdialysis
or kidney transplantation, and linear mixed models evaluated annualized change in eGFR.

ResultsMean participant agewas 7369 (SD) years, 60%weremen, 66%werewhite, andmean baseline eGFRwas
46611 ml/min per 1.73 m2. There were 87 kidney composite outcome events during a median follow-up of 3.8
years. Relative to the respective lowest quartiles, the highest quartiles of urinary KIM-1 (hazard ratio, 2.84; 95%
confidence interval [95% CI], 1.31 to 6.17), MCP-1 (hazard ratio, 2.43; 95% CI, 1.13 to 5.23), and YKL-40 (hazard
ratio, 1.95; 95%CI, 1.08 to 3.51)were associatedwith higher risk of the kidney composite outcome in fully adjusted
models including baseline eGFR and urine albumin. In linear analysis, urinary IL-18 was the only marker
associatedwith eGFRdecline (20.91ml/minper 1.73m2peryear forhighest versus lowest quartile; 95%CI,21.44
to 20.38), a finding that was stronger in the standard arm of SPRINT.

Conclusions Urine markers of tubule cell injury provide information about risk of subsequent loss of kidney
function, beyond the eGFR and urine albumin.
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Introduction
Despite improvements in staging of CKD, the
ability to provide prognostic information about
kidney disease progression remains challenging.
eGFR and albuminuria are used to diagnose and stage
CKD (1,2); however, they primarily reflect glomerular
function and injury and correlate poorly with tubular
atrophy and tubulointerstitial fibrosis on biopsy (3).
These later pathologic factors are highly prognostic for
CKD progression across multiple different causes of
CKD (4,5). Thus, we hypothesized that there may
be opportunities to improve CKD risk assessment
through noninvasive evaluation of kidney tu-
bule health.

Recent studies have identified urinary proteins that
reflect tubular injury, fibrosis, and repair (6,7). Al-
though initially used to risk stratify patients with AKI,
higher urine concentrations of these markers have been
associated with longitudinal loss of kidney function in

ambulatory settings (8,9). These studies have typically
evaluated tubule injury markers individually (10–12),
and therefore broader evaluations of multiple candi-
date tubular markers are needed.
The Systolic Blood Pressure Intervention Trial

(SPRINT) was a randomized clinical trial where
hypertensive individuals were randomized to in-
tensive (,120 mm Hg) or standard (,140 mm Hg)
systolic BP targets for prevention of cardiovascular
disease (13). Randomization to the intensive systolic
BP arm of SPRINT reduced risk for cardiovascular
disease and mortality; however, more rapid loss of
kidney function was seen during follow-up (14). The
later finding is of concern for persons with established
CKD. We examined a panel of kidney tubule injury
markers measured at baseline among SPRINT partic-
ipants with CKD to determine whether they provided
information for risk of CKD progression, beyond that
available from the eGFR, urine albumin, and other
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CKD risk factors. Our secondary aimwas to examine whether
the urinary kidney tubule injury markers at baseline have
different associations with CKD progression in the intensive
versus standard arms of SPRINT.

Materials and Methods
The design of the SPRINT trial has been reported

elsewhere (13). Briefly, SPRINT is an open-label, clinical
trial that randomized hypertensive persons at high risk
for cardiovascular disease events to a systolic BP target
of ,120 mm Hg (“intensive” arm) versus ,140 mm Hg
(“standard” arm). Participants were recruited from 102
clinical centers in the United States and Puerto Rico.
Inclusion criteria required age $50 years, systolic BP
130–180 mm Hg depending on the number of antihy-
pertensive medications used at the time of recruitment,
and increased risk for cardiovascular disease events
(prior clinical or subclinical cardiovascular disease other
than stroke, 10-year risk of cardiovascular disease of
$15% on the basis of the Framingham risk score, CKD
defined as eGFR 20–59 ml/min per 1.73 m2, or age $75
years). Major exclusion criteria included diabetes melli-
tus, proteinuria .1 g/d, polycystic kidney disease, prior
stroke or transient ischemic attack, symptomatic heart
failure, or a left ventricular ejection fraction ,35%. A
total of 9361 participants were enrolled between No-
vember 2010 and March 2013 (15). All participants
provided written informed consent and were randomly
assigned (1:1 ratio) to the intensive or standard systolic
BP arm. The antihypertensive regimens were adjusted to
achieve and maintain systolic BP according to random-
ized targets. Participants attended visits monthly for the
first 3 months and every 3 months thereafter, and clinical

data and venous blood and random spot urine samples
were subsequently obtained every 6 months. Venous
blood and random urine specimens were immediately
processed and shipped overnight on ice packs. Plasma
and urine samples were stored at 280°C at the central
laboratory at the University of Minnesota for future
analysis. Institutional Review Boards at all participating
institutions approved the study.
For this ancillary study, serum cystatin C concentrations

were measured in all SPRINT participants in baseline
specimens. We then defined a subset of participants with
eGFR,60 ml/min per 1.73 m2 calculated using the CKD
Epidemiology Collaboration creatinine and cystatin C
equation (16); on these, we measured tubule injury markers
at baseline using frozen urine samples. Among the 2514
participants with baseline eGFR ,60 ml/min per 1.73 m2,
86 lacked urine specimens and were excluded. The final
sample for this study included 2428 participants (Figure 1).

Kidney Tubule Injury Marker Measurements
The urine markers of tubule injury (IL-18, kidney injury

molecule-1 [KIM-1], and neutrophil gelatinase-associated
lipocalin [NGAL]), inflammation (monocyte chemoattrac-
tant protein-1 [MCP-1]), and repair (human cartilage
glycoprotein-40 [YKL-40]) were measured centrally at
the Laboratory for Clinical Biochemistry Research at the
University of Vermont by personnel blinded to clinical
information. Measurements were performed using mul-
tiplex assays on a MESO Scale Diagnostics platform
(MSD, Rockville, MD). Each marker was measured twice,
and results were averaged to improve precision. Dupli-
cate measurements were used to determine the interassay
coefficients of variation, which were as follows: urinary

SPRINT cohort
(n=9,361)

Study participants included
in the final analysis

(n=2,428)

Study participants with eGFR
< 60 ml/min/1.73m2

(CKD-EPI creatinine and
cystatin C)
(n=2,514)

Excluded
Missing urine specimens

(n=86)

Excluded
Participants with eGFR ≥ 60 ml/min/1.73m2

(CKD-EPI creatinine and cystatin C)
(n=6,847)

Figure 1. | Flowchart of the study. CKD-EPI, CKD Epidemiology Collaboration; SPRINT, Systolic Blood Pressure Intervention Trial.
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IL-18, 4.9%–13.7%; KIM-1, 6.1%–13.0%; NGAL, 12.9%–16.2%;
MCP-1, 7.1%–12.0%; and YKL-40, 6.5%–11.1%. Urine creati-
nine was measured by an enzymatic procedure (Roche,
Indianapolis, IN), and urine albumin was measured by a
nephelometric method (Siemens, Tarrytown, NY) (16).
Interassay coefficients of variation for urine creatinine
and urine albumin measurements were 1.5%–4.3% and
2.2%–6.9%, respectively.

Longitudinal Change in Kidney Function
Changes in eGFR were on the basis of the serum

creatinine concentration, which was measured centrally
at the University of Minnesota from stored venous plasma
samples collected every 3 months. The study outcomes
included (1) a prespecified kidney composite outcome of
the SPRINT study protocol, defined as $50% eGFR decline
(confirmed by repeat testing $90 days later) or ESKD
requiring dialysis or kidney transplantation (14); and (2)
annualized eGFR change, expressed as percentage change
from baseline.

Statistical Analyses
Continuous variables were described as the mean (SD) or

median and interquartile ranges (IQRs) and categorical
variables as absolute (n) and relative (%) frequency. Cox
proportional hazards models and linear mixed models
were used to examine associations between baseline urine
kidney tubule injury markers and time to the binary kidney
composite outcome and annualized percent eGFR change,
respectively. We initially evaluated each urinary tubule
injury marker as a continuous variable after a log base 2
transformation and reported results as “per two-fold
higher.” We also evaluated each marker across quartiles,
with the lowest quartile set as the reference group to
evaluate the functional form of the observed relationships.
A series of models were developed. Model 1 was adjusted
for age, sex, race, randomization arm, and urine creatinine
concentration (to account for urine tonicity). Model 2
additionally included baseline eGFR, urine albumin, sys-
tolic BP and diastolic BP, number of antihypertensive
medications, history of cardiovascular disease, smoking
status, body mass index, and serum concentrations of HDL
and total cholesterol. In exploratory analyses, we evaluated
an additional model where we adjusted for model 2
variables plus all the urine tubule injury biomarkers
concurrently; we viewed this model as potentially over-
adjusted, as the markers all capture tubule injury, and
therefore provide the data in the Supplemental Material.
Model 2, therefore, was considered our fully adjusted
model. We performed secondary analyses where bio-
markers were indexed to urine creatinine as biomarker/
creatinine ratios. Finally, to determine whether the markers
of interest had similar relationships with kidney disease
progression in each randomized treatment arm, we ex-
plored stratified analyses and tested multiplicative inter-
action terms. All analyses were conducted using Stata
(Stata Statistical Software, release 13; StataCorp LP, College
Station, TX) and SPSS (released 2016, IBM SPSS Statistics for
Windows, version 24.0; IBM Corp, Armonk, NY). P values
,0.05 were considered statistically significant for all anal-
yses including interaction terms.

Results
Among 2428 SPRINT participants with baseline eGFR

,60 ml/min per 1.73 m2, the mean age was 7369 years,
60% were men, 66% were non-Hispanic whites, and 25%
had prevalent cardiovascular disease. The mean baseline
eGFR was 46611 ml/min per 1.73 m2, and median urine
albumin-to-creatinine ratio was 15 (IQR, 7–47) mg/g. The
mean baseline systolic BP and diastolic BP were 139616
and 74612 mm Hg, respectively. The distributions of all
five urinary kidney tubule injury markers were right-
skewed, with medians (IQRs) of 30 (16–57) ng/g for IL-18,
849 (387–1596) pg/g for KIM-1, 28 (15–59) ng/g for NGAL,
181 (89–327) pg/g for MCP-1, and 543 (214–1243) ng/g for
YKL-40. Among the study sample, 1242 participants
were randomized to the intensive systolic BP arm and
1186 to the standard systolic BP arm. Baseline demo-
graphics and clinical characteristics and laboratory char-
acteristics were similar across treatment arms within the
analytic sample (Table 1).
Associations of the urinary tubule injury markers with

the binary kidney composite outcome of 50% eGFR decline
or ESKD requiring dialysis or kidney transplantation were
assessed. During the 3.8-year median follow-up, 87 kidney
composite events were seen (30 in standard and 57 in
intensive arm; 67 had 50% decline, 19 had ESKD events,
and one had a kidney transplant). In quartile analyses,
relatively flat relationships were observed across quartiles
1–3 for all tubule injury markers except urinary IL-18 and
NGAL, but there was consistently a marked increase in risk
among individuals in the highest quartile. Therefore, we
focus our interpretation on quartile analyses. In models
adjusted for demographics, randomization arm, and urine
creatinine, individuals in the highest quartiles of all five
markers were at higher risk for the kidney composite end
point compared with the lowest quartile. In the fully
adjusted models, the highest quartiles of urinary KIM-1,
MCP-1, and YKL-40 remained significantly associated with
an approximate two-fold risk of the kidney composite end
point (Table 2). The attenuation observed, from the least-
adjusted to the fully adjusted models, was mainly attrib-
uted to adjusting for urine albumin. However, even after
adjusting for urine albumin in addition to eGFR and other
CKD risk factors, the strengths of the associations of the
tubule injury biomarkers approached that of the highest
quartile of urine albumin for the composite kidney end
point (Table 2). The quartile 3 of urinary IL-18 was also
associated with the kidney composite end point, but IL-
18 did not achieve statistical significance for comparison
of the highest to lowest quartiles. When we adjusted
biomarkers for each other, the highest quartiles of
urinary IL-18, KIM-1, and YKL-40 were independently
associated with risk of the kidney composite end point,
as was urine albumin (Supplemental Table 1). When the
biomarkers were indexed to urine creatinine (Supplemental
Table 2), participants in the highest versus lowest quartile of
YKL-40/creatinine had higher risk of composite events (hazard
ratio [HR], 2.43; 95% confidence interval [95% CI], 1.35 to 4.37).
Urinary IL-18/creatinine, KIM-1/creatinine, NGAL/creatinine,
and MCP-1/creatinine were not associated with composite
events in fully adjusted models. When we evaluated death
as a competing risk, it did not meaningfully change the
point estimates or the confidence intervals (data not shown).
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During a median 3.8-year follow-up, participants had a
mean of 8.062.3 eGFR assessments, and the mean eGFR
decline was 0.5761.18 ml/min per 1.73 m2 per year. In
general, we observed that associations of urine tubule
injury markers with percent change in eGFR were weaker
compared with the binary outcome. When comparing the
highest to the lowest quartile, only urinary IL-18 was
significantly associated with eGFR decline in fully ad-
justed models. The findings remained similar even after
adjustment of the tubule injury biomarkers for one
another (Supplemental Table 3). None of the five markers
were associated with annual eGFR decline when the
tubule markers were evaluated as continuous variables
(Table 3). Supplemental Table 4 shows result for annualized
change in eGFR when the biomarkers were indexed to urine
creatinine. IL-18/creatinine was significantly associated
with eGFR decline in fully adjusted models both when
analyzed as continuous variable and by quartiles. None of
the remaining biomarkers were associated with eGFR
decline when indexed to urine creatinine.
No statistically significant interactions were observed for

the systolic BP intervention and the urine tubule injury
markers with the binary kidney composite end point
(interaction P values 0.30–0.70); however, the point esti-
mates were consistently greater in magnitude within the
standard arm, particularly for urinary KIM-1, MCP-1, and
YKL-40 (Figure 2). There were statistically significant
interactions of urinary IL-18 and KIM-1 by treatment
arm for the continuous eGFR change end point. Among
the five biomarkers, urinary IL-18 had the strongest
association with eGFR decline within the standard arm
stratum (Table 4).

Discussion
Among hypertensive individuals with nondiabetic CKD

in the SPRINT trial, urine markers of tubule cell injury,
fibrosis, and repair provided information about risk of the
composite kidney end point (50% eGFR decline or ESKD
requiring dialysis or kidney transplant) independent of
baseline eGFR, urine albumin, and other CKD risk factors.
The associations of urinary KIM-1, MCP-1, and YKL-40 with
this end point appeared nonlinear and were particularly
strong among those with levels in the highest quartile of the
study sample. The associations of the highest quartiles of
the tubule injury biomarkers with CKD progression were
similar in strength to that of urine albumin with the CKD
progression end point, despite the fact that the urine tubule
biomarker models were adjusted for urine albumin. The
highest quartile of urinary IL-18 was also associated with
the continuous eGFR decline outcome, an association that
appeared stronger in participants in the standard arm
of the trial.
We found that urinary biomarker concentrations were

only associated with CKD progression when they exceeded
the cut-off for the high quartile. In addition, with the
exception of urinary IL-18, kidney tubule makers were not
associated with linear eGFR decline. Collectively, these
findings suggest that the tubule injury biomarkers evalu-
ated herein must exceed a threshold of severity of ongoing
injury, inflammation, or repair to identify the subset at risk
for more rapid CKD progression. These findings require
confirmation in other settings, but if confirmed, the mark-
ers may assist in risk stratification for CKD progression and
could potentially be useful for enriching clinical trial
enrollment for studies designed to affect kidney end points.

Table 1. Baseline characteristics by randomized treatment arm in Systolic Blood Pressure Intervention Trial participants with CKD

Variables Total, n52428 Intensive Arm, n51242 Standard Arm, n51186

Age, yr 7369 7369 7369
Male 1449 (60) 742 (60) 707 (60)
White 1605 (66) 813 (66) 792 (67)
Current smoker 212 (9) 111 (9) 101 (9)
History of cardiovascular disease 611 (25) 309 (25) 302 (26)
Systolic BP, mm Hg 139616 139616 140616
Diastolic BP, mm Hg 74612 75612 74612
No. of BP medications, n (%)
0 100 (4) 50 (4) 50 (4)
1 544 (22) 277 (22) 267 (23)
2 880 (36) 461 (37) 419 (35)
3 693 (29) 349 (28) 344 (29)
$4 211 (9) 105 (9) 106 (9)

Total cholesterol, mg/dl 184641 184641 183640
HDL, mg/dl 52614 53615 52614
Triglycerides, mg/dl 112 [82–154] 111 [79–150] 113 [83–156]
Body mass index, kg/m2 3066 3066 2966
eGFR, ml/min per 1.73 m2 46611 46611 46611
UACR, mg/g 15 [7–47] 14 [7–46] 15 [7–50]
IL-18, pg/ml 30 [16–57] 29 [15–54] 32 [17–59]
KIM-1, pg/ml 849 [387–1596] 857 [377–1568] 836 [399–1623]
NGAL, ng/ml 28 [15–59] 28 [14–61] 27 [15–57]
MCP-1, pg/ml 181 [89–327] 176 [85–337] 186 [95–320]
YKL-40, pg/ml 543 [214–1243] 540 [204–1251] 549 [221–1243]

Data presented as median [interquartile range], mean6SD, or numbers (percent). UACR, urine albumin-to-creatinine ratio; KIM-1,
kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; MCP-1, monocyte chemoattractant protein 1; YKL-40,
chitinase-3-like protein-1.
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Urinary IL-18 was the only marker associated with linear
eGFR decline, a finding that was stronger in the standard
arm of SPRINT. Participants with CKD who were ran-
domized to the intensive arm had acute declines in eGFR in
the 6 months after randomization (14), which likely reflect
acute hemodynamic changes in eGFR (17), a trajectory less
often observed in the standard arm. Thus, the determinants
for eGFR changes in the two arms of SPRINT differ
somewhat. We hypothesize that urinary IL-18 may mark
kidney tubule cell injury, which may be more closely
reflected by longitudinal changes in eGFR in the standard
arm than in the intensive arm. If so, it may not be surprising
that urinary IL-18 measured at baseline before BP changes,
was not associated with acute eGFR changes owing to
hemodynamic effects in the intensive arm. This hypothesis
is supported by recent findings in the The Action to Control
Cardiovascular Risk in Diabetes (ACCORD) trial among
individuals with diabetes but predominantly without
CKD, who were randomized to the same BP targets as
SPRINT. Among ACCORD participants experiencing inci-
dent CKD during follow-up, there were no significant
changes in urinary IL-18 in the intensive arm over 2 years,
whereas urinary IL-18 concentrations increased in the
standard arm (18). Thus, urinary IL-18 may hold promise
for distinguishing changes in eGFR related to intrinsic
tubule damage from changes driven by hemodynamic

fluctuations. We evaluated baseline levels of IL-18 in this
study only, so future studies are required to evaluate
longitudinal trajectories of IL-18 in response to different
causes of eGFR change to confirm this hypothesis.
Several studies reported associations of single urinary

tubule cell injury markers with kidney disease progression
in ambulatory persons (10–12,19). However, few evalu-
ated multiple markers in parallel to compare their rela-
tive strengths of association with CKD progression
(8,9,18,20–25). In a study from the Chronic Renal Insuffi-
ciency Cohort (CRIC) that evaluated 2466 participants with
CKD, the investigators jointly evaluated urinary KIM-1,
NGAL, N-acetyl b-D-glucosaminidase, and liver fatty acid
binding protein with rates of CKD progression defined
similarly to our binary end point (incident ESKD or halving
of eGFR) (21). In unadjusted models, the highest quintile of
urine tubule injury markers were strongly associated with
CKD progression with HRs ranging from 7 to 15, compared
with the lowest quintile. However, adjustment for eGFR
and albuminuria in CRIC resulted in marked attenuation of
these relationships; none of the markers remained inde-
pendently associated with CKD progression (21). Of the
markers that were common between CRIC and our SPRINT
data (urinary KIM-1 and NGAL), we found no association
of urinary NGAL with CKD progression. However, the
highest quartile of urinary KIM-1 was associated with a

Table 2. Associations of kidney tubule injury markers, categorized by quartiles, with CKD progression in SPRINT, defined by 50%eGFR
decline or ESKD requiring dialysis or kidney transplant

Biomarkers Quartiles Events, n Incidence Rate, %/yr Model 1 Model 2

Urine IL-18 1 18 0.92 1.00 (Reference) 1.00 (Reference)
2 25 0.28 2.24 (1.18 to 4.27)a 1.76 (0.92 to 3.35)
3 25 1.30 3.05 (1.52 to 6.11)a 2.24 (1.13 to 4.42)
4 19 0.99 3.21 (1.52 to 6.11)a 1.91 (0.95 to 3.82)

Urine KIM-1 1 22 1.14 1.00 (Reference) 1.00 (Reference)
2 22 1.12 2.17 (1.13 to 4.16)a 1.12 (0.59 to 2.14)
3 18 0.92 2.82 (1.32 to 6.06)a 1.30 (0.61 to 2.76)
4 25 1.31 8.25 (3.62 to 18.82)a 2.84 (1.31 to 6.17)a

Urine NGAL 1 19 0.97 1.00 (Reference) 1.00 (Reference)
2 21 1.07 1.49 (0.79 to 2.82) 0.90 (0.47 to 1.72)
3 20 1.02 1.65 (0.85 to 23.19) 1.04 (0.52 to 2.06)
4 27 1.43 2.37 (1.27 to 4.43)a 1.11 (0.58 to 2.14)

Urine MCP-1 1 25 1.29 1.00 (Reference) 1.00 (Reference)
2 21 1.06 1.50 (0.80 to 2.83) 0.81 (0.43 to 1.51)
3 18 0.93 2.12 (1.05 to 4.30)a 0.94 (0.46 to 1.90)
4 23 1.20 4.51 (2.14 to 9.52)a 2.43 (1.13 to 5.23)a

Urine YKL-40 1 25 1.26 1.00 (Reference) 1.00 (Reference)
2 19 0.98 1.11 (0.59 to 2.11) 1.31 (0.68 to 2.53)
3 15 0.77 1.11 (0.55 to 2.22) 1.14 (0.56 to 2.32)
4 28 1.48 2.40 (1.31 to 4.40)a 1.95 (1.08 to 3.51)a

Urine albumin 1 13 0.63 1.00 (Reference) 1.00 (Reference)
2 14 0.71 1.64 (0.77 to 3.52) 1.31 (0.60 to 2.86)
3 15 0.82 2.08 (0.99 to 4.40) 1.48 (0.68 to 3.24)
4 45 2.45 5.35 (2.91 to 9.85)a 2.88 (1.49 to 5.55)a

Model 1: adjusted for age, sex, race, intervention arm, and urine creatinine. Model 2: additionally adjusted for baseline eGFR, urine
albumin, smoking status, history of cardiovascular disease, baseline number of antihypertensivemedications, systolic BP, diastolic BP,
body mass index, HDL, and total cholesterol. Urine IL-18, pg/ml (quartile 1: #16.30; quartile 2: 16.31–30.48; quartile 3: 30.49–56.60;
quartile 4:.56.60), urine KIM-1, pg/ml (quartile 1:#386.73; quartile 2: 386.74–849.01; quartile 3: 849.02–1595.84; quartile 4:.1595.84),
urineNGAL, ng/ml (quartile 1:#14.71; quartile 2: 14.72–27.69; quartile 3: 27.70–59.27; quartile 4:.59.27), urineMCP-1, pg/ml (quartile
1:#89.42; quartile 2: 89.43–180.78; quartile 3: 180.79–326.99; quartile 4:.326.99), urine YKL-40, pg/ml (quartile 1:#213.95; quartile 2:
213.96–542.59; quartile 3: 542.60–1243.42; quartile 4: .1243.42), and urine albumin, mg/dl (quartile 1: #7; quartile 2: 8–16; quartile 3:
17–50, quartile 4: .50). SPRINT, Systolic Blood Pressure Intervention Trial; KIM-1, kidney injury molecule-1; NGAL, neutrophil
gelatinase-associated lipocalin; MCP-1, monocyte chemoattractant protein-1; YKL-40, chitinase-3-like protein-1.
aRepresents significant results.
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Table 3. Association of quartiles of kidney tubule injury markers with annualized relative change in eGFR in SPRINT

Biomarkers Mean eGFR Decline, %/yr Model 1 Model 2

Urine IL-18 Linear model Per two-fold higher
biomarker concentration

20.38 (20.51 to 20.25) 20.11 (20.25 to 0.02)

Quartiles 1 21.06 (21.36 to 20.76) 0.0 (Reference) 0.0 (Reference)
2 21.17 (21.47 to 20.87) 20.51 (20.94 to 20.07)a 20.06 (20.49 to 0.37)
3 21.75 (22.05 to 21.45) 21.38 (21.83 to 20.92) 20.81 (21.26 to 2 0.35)a

4 21.77 (22.08 to 21.46) 21.88 (22.38 to 21.36) 20.91 (21.44 to 20.38)a

Urine KIM-1 Linear model Per two-fold higher
biomarker concentration

20.29 (20.40 to 20.18) 0.06 (20.05 to 0.17)

Quartiles 1 21.09 (21.39 to 20.79) 0.0 (Reference) 0.0 (Reference)
2 21.95 (22.25 to 21.65) 21.33 (21.30 to 20.44) 20.54 (20.98 to 20.09)a

3 21.21 (21.51 to 20.91) 20.83 (21.32 to 20.35)a 0.17 (20.32 to 0.66)
4 21.48 (21.79 to 21.17) 21.65 (22.21 to 21.08) 20.21 (20.80 to 0.38)

Urine NGAL Linear model Per two-fold higher
biomarker concentration

20.14 (20.24 to 20.04) 0.10 (0.01 to 0.21)a

Quartiles 1 21.33 (21.64 to 21.03) 0.0 (Reference) 0.0 (Reference)
2 21.49 (21.78 to 21.19) 20.35 (20.79 to 0.08) 20.30 (20.13 to 0.74)
3 20.91 (21.21 to 20.61) 0.24 (20.22 to 0.69) 0.80 (20.35 to 1.25)
4 22.04 (22.35 to 21.73) 20.91 (21.39 to 20.44) 0.27 (20.21 to 0.76)

Urine MCP-1 Linear model Per two-fold higher
biomarker concentration

20.23 (20.36 to 20.11) 0.07 (20.05 to 0.20)

Quartiles 1 21.26 (21.56 to 20.96) 0.0 (Reference) 0.0 (Reference)
2 21.34 (21.64 to 21.04) 20.39 (20.83 to 0.06) 0.28 (20.16 to 0.73)
3 21.64 (21.95 to 21.34) 21.03 (21.53 to 20.54) 20.19 (20.68 to 0.31)
4 21.48 (21.79 to 21.17) 21.25 (21.83 to 20.67) 20.17 (20.76 to 0.42)

Urine YKL-40 Linear model Per two-fold higher
biomarker concentration

20.14 (20.22 to 20.07) 0.03 (20.11 to 0.04)

Quartiles 1 21.61 (21.90 to 21.32) 0.0 (Reference) 0.0 (Reference)
2 20.83 (21.14 to 20.52) 0.60 (0.16 to 1.04) 0.41 (20.02 to 0.84)
3 21.30 (21.61 to 21.00) 0.01 (20.45 to 0.46) 0.02 (20.43 to 0.46)
4 21.97 (22.28 to 21.66) 20.83 (21.30 to 20.33) 20.11 (20.61 to 0.38)

Urine albumin Linear model Per two-fold higher
biomarker concentration

20.79 (20.86 to 20.71) 20.67 (20.75 to 20.59)a

Quartiles 1 20.30 (20.59 to 20.01) 0.0 (Reference) 0.0 (Reference)
2 20.60 (20.89 to 20.31) 20.67 (21.09 to 20.24)a 20.40 (20.83 to 0.03)
3 21.38 (21.68 to 21.07) 21.50 (21.94 to 21.05) 21.08 (21.53 to 20.63)a

4 23.68 (23.98 to 23.37) 23.75 (24.19 to 23.32) 23.05 (23.51 to 22.59)a

Model 1: adjusted for age, sex, race, intervention arm, and urine creatinine. Model 2: additionally adjusted for baseline eGFR, urine albumin, smoking status, history of cardiovascular disease,
baseline number of antihypertensivemedications, systolic BP, diastolic BP, bodymass index,HDL, and total cholesterol. Urine IL-18, pg/ml (quartile 1:#16.30; quartile 2: 16.31–30.48; quartile 3:
30.49–56.60; quartile 4: .56.60), urine KIM-1, pg/ml (quartile 1: #386.73; quartile 2: 386.74–849.01; quartile 3: 849.02–1595.84; quartile 4: .1595.84), urine NGAL, ng/ml (quartile 1: #14.71;
quartile 2: 14.72–27.69; quartile 3: 27.70–59.27; quartile 4:.59.27), urineMCP-1, pg/ml (quartile 1:#89.42; quartile 2: 89.43–180.78; quartile 3: 180.79–326.99; quartile 4:.326.99), urine YKL-40,
pg/ml (quartile 1:#213.95; quartile 2: 213.96–542.59; quartile 3: 542.60–1243.42; quartile 4:.1243.42), and urine albuminmg/dl (quartile 1:#7; quartile 2: 8–16; quartile 3: 17–50, quartile 4:.50).
SPRINT, Systolic Blood Pressure Intervention Trial; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; MCP-1, monocyte chemo attractant protein-1; YKL-40,
chitinase-3-like protein-1.
aRepresents significant results.
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nearly three-fold risk of CKD progression in SPRINT,
whereas the highest quintile was associated with a non-
significant HR of 1.36 (95% CI, 0.93 to 2.00) in the fully
adjusted model in CRIC. As the point estimate in CRIC was
in the same direction as ours, one explanation is that a
true association in CRIC was missed. Similarly, among
5367 individuals with type 2 diabetes mellitus and recent
acute coronary syndromes enrolled in the Examination of
Cardiovascular Outcomes with Alogliptin versus Standard
of Care trial, Garlo et al. showed no association of urinary
NGAL (adjusted HR, 1.03; 95% CI, 0.94 to 1.14) and KIM-1
(adjusted HR, 0.97; 95% CI, 0.85 to 1.10) with CKD
progression (25). These differences may be explained by
the fact that we measured markers using different assay
platforms and made two measurements in each sample to
improve precision. These technical aspects may have
improved our ability to detect associations with CKD
end points. The study populations were also different as
SPRINT excluded those with proteinuria .1 g/d or dia-
betes mellitus. In contrast, approximately 50% of CRIC
participants and all of those in the study by Garlo et al.
had diabetes.
We found different effect sizes across the biomarkers

when evaluated as urine creatinine-adjusted biomarker

concentrations versus creatinine-indexed biomarkers.
Previous studies have more often indexed urine bio-
marker concentrations to urine creatinine (26). However,
urine creatinine not only reflects urine tonicity but is also
influenced by muscle mass, and urine creatinine is itself
associated with higher risk of adverse outcomes in some
prior studies (27). These nontonicity factors may influence
the ratio of biomarkers to creatinine and interpretation
of the ratio’s relationship with end points if they are
assumed to be driven by the numerator only. For these
reasons, we have consistently evaluated biomarker con-
centrations that adjusted for urine creatinine concentra-
tion in the multivariable models rather than indexing as
our primary analysis.
A unique feature of this study is measurement of urinary

IL-18, MCP-1, and YKL-40; markers reflecting the inter-
woven axes of kidney tubule injury, inflammation, and
repair within the kidney. Urinary MCP-1 and YKL-40 have
not been extensively studied in the setting of ambulatory
CKD; however, existing studies support their utility as
markers of tubule disease (28,29). We reported that urinary
MCP-1 was independently associated with risk of allograft
failure in stable kidney transplant recipients (28). Similarly
Puthumana et al. (29) demonstrated that higher urinary

0.50 1.00 2.00

IL-18

KIM-1

NGAL

MCP-1

YKL-40

Total
Standard arm
Intensive arm

Total
Standard arm
Intensive arm

Total
Standard arm
Intensive arm

Total
Standard arm
Intensive arm

Total
Standard arm
Intensive arm

0.39

Interaction
P-value

0.39

0.36

0.50

0.68

Protective Harmful

Figure 2. | Forest plot of the fully adjusted model to assess the association of tubule injury markers with 50% kidney function decline, ESKD
requiring dialysis, or kidney transplantation stratified by randomization arm in the Systolic Blood Pressure Intervention Trial.Horizontal bars
represent the 95% confidence intervals. Model adjusted for age, sex, race, intervention arm, urine creatinine, baseline eGFR, urine albumin,
smoking status, history of cardiovascular disease, baseline number of antihypertensivemedications, systolic BP, diastolic BP, bodymass index,
HDL, and total cholesterol. KIM-1, kidney injury molecule-1; MCP-1, monocyte chemoattractant protein-1; NGAL, neutrophil gelatinase-
associated lipocalin; YKL-40, chitinase-3-like protein-1.
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YKL-40 was associated with delayed graft function in
kidney transplant recipients. As these markers were more
strongly associated with CKD progression than urinary
NGAL or IL-18, we believe our finds suggest that they hold
promise as markers of tubule damage in ambulatory CKD
populations.
Strengths of this study include its assessment of

multiple urinary markers reflecting distinct aspects of
kidney tubule biology, including tubule injury, inflam-
mation, and repair. The finding of stronger signals at the
highest quartile, the consistent direction of signals with
CKD progression, and the independence of these asso-
ciations from eGFR and urine albumin across the aggre-
gate panel of markers support that noninvasive
assessments of kidney tubule health can identify risk
of CKD progression beyond eGFR and albuminuria.
Close monitoring and frequent assessment of kidney
function during follow-up in SPRINT provided useful
measurement of eGFR changes, and minimized informa-
tive loss due to death and other comorbidities. All kidney
tubule injury markers were measured in duplicate and
averaged to improve precision. This study also has limita-
tions. SPRINT excluded persons with diabetes mellitus,
stroke, or proteinuria .1 g/d. Finally, because urine
tubule injury markers were measured at baseline, longi-
tudinal trajectories of these markers and potential changes
in concentrations in response to interventions requires
future study.
In summary, concentrations of three of five markers

of kidney tubule cell injury among the highest quar-
tile were associated with 50% eGFR decline or ESKD
requiring dialysis or transplant in SPRINT participants
with CKD. These associations were independent of CKD
risk factors, eGFR, and urine albumin. Higher urinary
IL-18 was independently associated with annualized
eGFR decline, a finding confined to the standard arm
of SPRINT. Thus, extremes of urinary KIM-1, MCP-1,
and YKL-40 may mark risk for subsequent large eGFR
declines. In contrast, urinary IL-18 may help to distin-
guish subtler changes in eGFR. Overall, these data
demonstrate that markers of tubule cell injury provide
information on risk of CKD progression independent of
the glomerular markers of kidney health (eGFR and
urine albumin).
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