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Introduction: Biomarkers of acute kidney injury (AKI) are often indexed to urine creatinine (UCr) or urine

osmolarity (UOsm) to control for urine concentration. We evaluated how these approaches affect the

biomarker-outcome association in patients with AKI.

Methods: The Assessment, Serial Evaluation, and Subsequent Sequelae in Acute Kidney Injury Study was

a cohort of hospitalized patients with and without AKI between 2009 and 2015. Using Cox proportional

hazards regression, we assessed the associations and predictions (C-statistics) of urine biomarkers with a

composite outcome of incident chronic kidney disease (CKD) and CKD progression. We used 4 approaches

to account for urine concentration: indexing and adjusting for UCr and UOsm.

Results: Among 1538 participants, 769 (50%) had AKI and 300 (19.5%) developed composite CKD outcome

at median follow-up of 4.7 years. UCr and UOsm during hospitalization were inversely associated with the

composite CKD outcome. The associations and predictions with CKD were significantly strengthened after

indexing or adjusting for UCr or UOsm for urine kidney injury molecule-1 (KIM-1), interleukin-18 (IL-18),

and monocyte chemoattractant protein-1 (MCP-1) in patients with AKI. There was no significant

improvement with indexing or adjusting UCr or UOsm for albumin, neutrophil gelatinase-associated lip-

ocalin (NGAL), and chitinase 3-like 1 (YKL-40). Uromodulin’s (UMOD) inverse association with the outcome

was significantly blunted after indexing but not adjusting for UCr or UOsm.

Conclusion: UCr and UOsm during hospitalization are inversely associated with development and pro-

gression of CKD. Indexing or adjusting for UCr or UOsm strengthened associations and improved pre-

dictions for CKD for only some biomarkers. Incorporating urinary concentration should be individualized

for each biomarker in research and clinical applications.
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A
KI represents an acute decline in kidney function
and is often caused by ischemic or toxic injury.1

AKI is common in hospitalized patients and is associ-
ated with high inpatient mortality and the develop-
ment or progression of CKD and end-stage kidney
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disease.2,3 Significant effort in the past decade has
centered on identifying specific markers that may serve
as early indicators for tubular injury or represent specific
pathophysiological processes in the kidney during AKI.

Multiple biomarkers involved in injury, inflamma-
tion, and adaptive and maladaptive repair were iden-
tified from animal models and evaluated for clinical
application in AKI.4–7 Because biomarkers are often
measured from spot urine collection rather than
collection during a predefined time interval, biomarker
values are often indexed to (i.e., divided by) UCr
concentration to account for the variation of urine
concentration to estimate its excretion rate. However,
there is no consensus on how urine concentration
should be accounted for in AKI. In patients with CKD,
urine albumin-to-creatinine ratio is often used to esti-
mate 24-hour urine albumin excretion.8,9 This is based
on the assumption of an average UCr excretion of
approximately 1 g/d in normal persons (thus division
by 1 results in the ratio taking on the numerator’s
value). However, UCr excretion varies greatly across
individuals and is affected by sex, muscle mass, diet,
and proximal tubular function.10 In addition, UCr
concentration decreases as glomerular filtration rate
(GFR) falls during AKI progression and increases when
GFR improves during AKI recovery.11 The biomarker
creatinine ratio may thus overestimate or underestimate
the true biomarker excretion rate.11

Given these limitations of UCr, some authors have
suggested controlling for urine concentration using
UOsm as an alternative approach. Indexing a biomarker
to UOsm would effectively account for concentration
variations in spot urine samples.12,13 This approach
relies on an assumption of stable daily osmolyte
excretion and deserves scrutiny in the setting of AKI,
because osmolyte excretion not only varies across in-
dividuals in steady state but also changes dynamically
during the course of AKI.14 Urine urea nitrogen con-
tributes to a large proportion of UOsm. Its excretion
decreases when GFR suddenly drops and increases
during the recovery phase of AKI.

Considering the variations of UCr and UOsm across
individuals, it is not surprising that the association
between urine albumin concentration and mortality
alters with different approaches to control for urine
concentration in patients with patients with CKD.15

However, this has not been thoroughly investigated
in the field of AKI. Considering the dynamic nature of
UCr and UOsm excretion in AKI, we evaluated how
different approaches to account for urine concentration
affect the biomarker-outcome associations in patients
with and without AKI. We hypothesized that indexing
to or adjusting for UCr versus UOsm will have similar
effects on strengthening the biomarker-outcome
Kidney International Reports (2022) 7, 1502–1513
association, but such strengthening may differ between
patients with and without AKI.

METHODS

Study Population

The Assessment, Serial Evaluation, and Subsequent
Sequelae of AKI study is a prospective cohort study
consisted of 1538 hospitalized adults enrolled between
December 2009 and February 2015 from 4 North
American clinical centers involving various hospital
settings.16 The study was approved by institutional
review boards in the participating sites. Written
informed consent was obtained from the participants.

Details of the study design have been described
previously.16,17 Briefly, 769 participants who devel-
oped AKI were recruited and a control group of par-
ticipants who did not develop AKI were matched in 1:1
ratio based on preadmission CKD status and an inte-
grated score, including age, history of cardiovascular
disease, diabetes mellitus, baseline estimated GFR
(eGFR), and treatment in an intensive care unit. AKI
was defined as an increase of serum creatinine con-
centration of 0.3 mg/dl or more or at least 50% from the
nearest serum creatinine concentration value obtained
from an outpatient, nonemergency department setting
within 365 days before hospitalization (baseline serum
creatinine concentration). Both groups of participants
were enrolled during hospitalization and had their first
outpatient research study visits 3 months after
discharge. Follow-up study visits were conducted
annually thereafter with telephone contacts conducted
at 6-month intervals.

Urine Measurement and Outcome

Urine albumin, KIM-1, IL-18, MCP-1, UMOD, NGAL,
YKL-40, UCr, and UOsm were measured using samples
collected during hospitalization and 3 months after
discharge. For patients with AKI, urine samples were
collected within 48 to 96 hours of diagnosis of AKI
during hospitalization. The samples were collected and
processed using a standard protocol. After collection,
the samples were placed on ice if they were not pro-
cessed within 30 minutes. The samples could be pro-
cessed up to 6 hours after collection, were spun for 10
minutes at 1000g, aliquoted, frozen, and stored at �70
�C until measurement.18 Assays for these measurements
are listed in Supplementary Table S1.18

We chose incident CKD or CKD progression as a
composite CKD outcome.16 We calculated eGFR using
the CKD-Epidemiology Collaboration equation.19 We
defined incident CKD as $25% reduction in eGFR
(compared with eGFR calculated using baseline serum
creatinine concentration) and achieving eGFR <60 ml/
min per 1.73 m2 among participants without preexisting
1503
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CKD. In participants with preexisting CKD, we defined
CKD progression as $50% reduction in eGFR compared
with baseline, eGFR<15ml/min per 1.73m2, or receiving
kidney replacement therapy or kidney transplant.

Statistical Analysis

We reported median, interquartile range (quartile 1–
quartile 3), and proportion of baseline characteristics,
including age, sex, race, ethnicity, and urine measures
stratified by AKI status. All analyses were performed in
patients with AKI and those without AKI separately.
We first assessed the linear correlation (Pearson) of
urine biomarkers (albumin, KIM-1, IL-18, MCP-1,
UMOD, NGAL, and YKL-40), UCr and UOsm, using
their log 2-transformed normally distributed Z score.
We chose this method to gain insights on how
adjusting or indexing UCr of UOsm may change the
exposure–outcome associations. We considered corre-
lation to be strong, moderate, and weak based on cor-
relation coefficients $0.6, 0.4 to 0.59, and <0.4.

We converted urine measures (biomarker, UCr,
UOsm, biomarker-to-UCr ratio, and biomarker-to-
UOsm ratio) to log 2-transformed normally distrib-
uted Z scores and assessed the association between
urine biomarkers, UCr and UOsm, collected during
initial hospitalization or 3 months after discharge, with
the composite CKD outcome using Cox proportional
hazards regression. We then assessed the association of
each urine biomarker at these 2 time points, with the
composite CKD outcome when biomarker-to-UCr ratio
or biomarker-to-UOsm ratio was used, and when UCr
or UOsm was used as covariates in Cox proportional
hazards regression models. For all models, participants
were censored if they died, lost to follow-up, or
withdrew from the study. We considered a 2-tailed
P < 0.05 as statistically significant.

For model comparisons, we produced 1000 bootstrap
samples and compared the coefficients of biomarker-to-
UCr ratio, biomarker-to-UOsm ratio, and biomarker af-
ter adjusting for UCr or UOsm against the coefficients of
biomarker without indexing or adjusting UCr or UOsm.
We also compared the coefficients of biomarker-to-UCr
ratio versus biomarker-to-UOsm ratio, coefficients of
biomarkers when adjusting for UCr versus adjusting
UOsm. We tested the null hypothesis that accounting
for urine concentration by these 4 approaches does not
strengthen the biomarker-outcome association and null
hypotheses that using biomarker-to-UOsm ratio or
adjusting UOsm do not strengthen the biomarker-
outcome association compared with biomarker-to-UCr
ratio or adjusting UCr, respectively. We chose a P <
0.01 as statistically significant to account for multiple
comparisons. Therefore, if we observed strengthening of
the biomarker-outcome association in >99% of the
1504
bootstrap samples, we considered the strengthening
statistically significant.

In addition, we assessed the change of predictive
performance of biomarkers for biomarkers for the
composite CKD outcomes at 3 years after hospital
discharge, using these 4 approaches to account for urine
concentration, from the predictive performance of bio-
markers alone. We constructed 1000 bootstrap samples
and compare the C-statistics of logistic regression models
with indexing or adjusting UCr or UOsm against with
biomarker alone. We considered a P < 0.01 as statisti-
cally significant to account for multiple comparisons.
We performed all analyses using R version 4.0.2.

RESULTS

Characteristics and Biomarker Measurement in

Study Participants

Table 1 summarizes the baseline characteristics and
biomarker measurements during hospitalization and 3
months after discharge in participants with and without
AKI. The median age of all participants was 65.9
(quartile 1– quartile 3, 56.7–73.9) years. Of the partici-
pants, 37.3% were female and 12.7% were African
American. Among 1538 participants, 769 (50%) had AKI
and 216 (14%) had stage 2 or stage 3 AKI. After 4.7
years (median) of follow-up, 300 (19.5%) participants
developed incident CKD or experienced CKD progres-
sion. The kidney function at baseline, 3 months after
hospital discharge, at end point, or censoring in patients
is shown in Supplementary Table S2.

Association Between UCr, UOsm, and

Composite CKD Outcome

Table 2 shows associations between UCr, UOsm, and the
composite CKD outcome in patients with AKI, patients
with different stages of AKI, and patients without AKI.
During hospitalization, UCr and UOsm were inversely
associated with the composite CKD outcome in both pa-
tientswith andwithoutAKI (for patientswithAKI, hazard
ratio [HR] 0.84, 95%CI 0.73–0.96 for UCr;HR 0.81, 95%CI
0.71–0.93 for UOsm; for patients without AKI, HR 0.78,
95% CI 0.64–0.95 for UCr; HR 0.71, 95% CI 0.6–0.85 for
UOsm). The HR represents change per 1 SD difference of
UCr or UOsm on their log-2 scale. When stratifying pa-
tients with AKI by AKI severity, this inverse association
remained significant only in patients with stage 1 AKI.

At 3 months after discharge, UCr was no longer
associated with the composite CKD outcome (for pa-
tients with AKI, HR 0.9, 95% CI 0.78–1.04; for patients
without AKI, HR 0.98, 95% CI 0.81–1.19). UOsm
remained inversely associated with the composite CKD
outcome in patients with AKI but not in those without
AKI (for patients with AKI, HR 0.78, 95% CI 0.68–0.9;
for patients without AKI, HR 1.02, 95% CI 0.85–1.23).
Kidney International Reports (2022) 7, 1502–1513



Table 1. Baseline characteristics and biomarker measurement in ASSESS-AKI study participants stratified by AKI status
Patient characteristics and urine measurements AKI patients (n [ 769) Non-AKI patients (n [ 769)

Patient characteristics

Age 64.9 (55.7–72.9) 67.3 (57.4–74.7)

Sex, n (%)

Female 250 (32.5) 324 (42.1)

Male 519 (67.5) 445 (57.9)

Race, n (%)

White 607(78.9) 653 (84.9)

African American 117 (15.2) 78 (10.1)

Other 45 (5.9) 38 (5)

Hispanic, n (%) 21 (2.7) 17 (2.2)

Urine measurements during hospitalization

Creatinine, mg/dl 82 (52–124) 83 (46.5–137)

Osmolarity, mOsm/dl 441.5 (345–570.8) 483 (353–659)

KIM-1, pg/ml 2798 (1194.8–6088.3) 2150 (801–5077)

IL-18, pg/ml 40.8 (18.4–93) 31.95 (15.2–62.7)

MCP-1, pg/ml 486 (235.8–1146.7) 279.2 (126.1–648.3)

Albumin, mg/dl 42 (14–113) 18 (7–56)

NGAL, ng/ml 66.7 (28.8–187) 31.5 (14.2–73.7)

YKL-40, pg/ml 1259.5 (395.8–5271.9) 919.4 (322.3–2523.7)

UMOD, pg/ml 2245.6 (1354.2–4220.8) 2634.1 (1611.9–4407.2)

Urine measurements at 3 mo after discharge

Creatinine, mg/dl 83 (50–135) 82 (43–137)

Osmolarity, mOsm/dl 487 (354–656) 483.5 (333.3–686.8)

KIM-1, pg/ml 1486 (661.5–3131) 1235.5 (390–2704.5)

IL-18, pg/ml 28.6 (15.1–53.9) 22.79 (11–44.5)

MCP-1, pg/ml 274.2 (129.2–545.7) 206.6 (81.8–449.8)

Albumin, mg/dl 19 (7–87) 11 (4–29)

NGAL, ng/ml 27 (12.5–65.1) 21.5 (10.4–49.5)

YKL-40, pg/ml 559.5 (233.1–1305.7) 446.9 (193.9–947.3)

UMOD, pg/ml 2346.6 (1384.1–3787.9) 2736.8 (1699.2–4119)

ASSESS-AKI, Assessment, Serial Evaluation, and Subsequent Sequelae in Acute Kidney Injury; AKI, acute kidney injury; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; MCP-1,
monocyte chemoattractant protein-1; NGAL, neutrophil gelatinase-associated lipocalin; Q, quartile; UMOD, uromodulin; YKL-40, chitinase 3-like 1.
Results are presented as n (%), or median (Q1–Q3).
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When stratifying patients with AKI by AKI severity,
UCr’s inverse association with CKD outcome remained
significant in patients with stages 1 and 3 AKI.

Correlation Between Urinary Biomarkers, UCr

and UOsm

Correlations of biomarkers with UCr or UOsm at hos-
pitalization and 3 months after discharge in patients
with AKI and those without AKI are shown in Table 3.
Table 2. Association between urine creatinine, urine osmolarity, and com

Patient subgroups

Ha

During hospitalization

Subgroup n Urine creatinine Ur

AKI 769 0.84 (0.73–0.96)a 0.8

Stage 1 AKI 553 0.83 (0.71–0.98)a 0.8

Stage 2 AKI 118 0.86 (0.63–1.17) 0.8

Stage 3 AKI 98 0.87 (0.61–1.24) 0.9

Stages 2–3 AKI 216 0.85 (0.68–1.08) 0.8

No AKI 769 0.78 (0.64–0.95)a 0.7

AKI, acute kidney injury; CKD, chronic kidney disease; UCr, urine creatinine; UOsm, urine osm
aHazard ratios with P < 0.05.

Kidney International Reports (2022) 7, 1502–1513
We observed strong correlation between UCr and UOsm
in patients without AKI at both time points. For patients
with AKI, this correlation was moderate at both time
points, but appeared stronger at 3 months after
discharge. During hospitalization, urine KIM-1, IL-18,
and MCP-1 had moderate-to-strong correlation with UCr
in patients with AKI and strong correlation with UCr in
patients without AKI. Urine albumin, NGAL, and YKL-
40 were weakly correlated with UCr in patients with
posite CKD outcome in patients based on AKI status
zard ratio (95% CI) for composite CKD outcome

3 mo after discharge

ine osmolarity Urine creatinine Urine osmolarity

1 (0.71–0.93)a 0.9 (0.78–1.04) 0.78 (0.68–0.9)a

1 (0.68–0.95)a 0.9 (0.76–1.06) 0.8 (0.68–0.95)a

1 (0.58–1.13) 1 (0.68–1.46) 0.84 (0.62–1.13)

8 (0.66–1.45) 0.8 (0.56–1.15) 0.54 (0.34–0.85)a

6 (0.67–1.1) 0.9 (0.69–1.17) 0.75 (0.59–0.94)a

1 (0.6–0.85)a 0.98 (0.81–1.19) 1.02 (0.85–1.23)

olarity.

1505



Table 3. Correlation between urine biomarkers, UCr and UOsm, during hospitalization and at 3 mo after discharge

Biomarkers

Pearson correlation coefficient

Hospitalization 3 months after discharge

AKI Non-AKI AKI Non-AKI

UCr UOsm UCr UOsm UCr UOsm UCr UOsm

UCr N/A 0.65 N/A 0.77 N/A 0.74 N/A 0.82

KIM-1 0.61 0.41 0.7 0.58 0.66 0.47 0.79 0.69

IL-18 0.44 0.33 0.66 0.54 0.61 0.46 0.75 0.65

MCP-1 0.45 0.18 0.75 0.65 0.65 0.47 0.8 0.7

Albumin 0.22 0.08 0.43 0.38 0.32 0.21 0.5 0.43

NGAL 0.2 0.03a 0.43 0.31 0.25 0.1 0.43 0.36

YKL-40 0.25 0.13 0.43 0.36 0.28 0.12 0.44 0.36

UMOD 0.38 0.11 0.17 �0.08 0.27 0.06a 0.14 �0.05a

AKI, acute kidney injury; IL-18, interleukin-18; KIM-1, kidney injury molecule-1; MCP-1, monocyte chemoattractant protein-1; N/A, not applicable; NGAL, neutrophil gelatinase-associated
lipocalin; UCr, urine creatinine; UMOD, uromodulin; UOsm, urine osmolarity; YKL-40, chitinase 3-like 1.
aNot significant.

Strong correlation (coefficient $0.6).

Moderate correlation (coefficient 0.4–0.59).

Weak or no correlation (coefficient <0.4).

P values for all correlation are statistically significant at level of 0.05 unless indicated by a footnote symbol a.
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AKI, but these correlations were moderate in patients
without AKI. Urine UMOD was weakly correlated with
UCr in patients with and without AKI. Correlation be-
tween these urine biomarkers and UOsm was weaker
than UCr in both patients with and without AKI. After 3
months postdischarge, the correlations between
biomarker and UCr or UOsm followed a similar pattern
but were stronger than those during hospitalization in
both patients with and without AKI.

Biomarker Association and Prediction for the

Composite CKD Outcome Using Different

Approaches to Account for Urine Concentration

Figure 1a and b demonstrates the HRs of KIM-1, al-
bumin, and UMOD collected during hospitalization
with the composite CKD outcome in patients with and
without AKI using univariable model with biomarker
alone, biomarker-to-UCr ratio, and biomarker-to-UOsm
ratio and using multivariable model with biomarker
adjusted for UCr or UOsm. The HR represents a com-
parison per 1 SD difference in the biomarker,
biomarker-to-UCr ratio, biomarker-to-Osm ratio, UCr,
and UOsm on their log-2 scale.

For urine KIM-1 and albumin, the biomarker-outcome
associations are strengthened after indexing or adjusting
UCr or UOsm when it has moderate-to-strong correlation
with UCr and UOsm. This was consistent in both patients
with and without AKI. Specifically, urine KIM-1 had
moderate-to-strong correlation with UCr and UOsm, and
the association between urine KIM-1 with the composite
CKD outcome strengthened significantly after indexing or
adjusting UCr or UOsm. For urine albumin, which had
1506
weak correlation with UCr and UOsm in patients with
AKI, its association with the composite CKD outcome
changed only minimally after indexing or adjusting UCr
or UOsm. However, urine albumin was moderately
correlated with UCr and UOsm in patients without AKI,
and its associations with composite CKD outcome
strengthened significantly after indexing or adjusting
UCr or UOsm. The changes in other biomarker-outcome
associations (with the exception of UMOD) after index-
ing or adjusting UCr or UOsm followed the same prin-
ciple and were similar between urine KIM-1, IL-18, and
MCP-1, including between urine albumin, NGAL, and
YKL-40 (Supplementary Figure S1A and B).

We observed significant improvement in the predic-
tive performance (C-statistics) of urine KIM-1, IL-18, and
MCP-1 for the CKD outcome after adjusting or indexing
UCr or UOsm compared with biomarker alone, particu-
larly for patients with AKI (Supplementary Table S3).
Although there was some improvement in the predictive
performance of urine albumin, NGAL, and YKL-40 after
adjusting or indexing UCr or UOsm, most were not
statistically significant.

UMOD is only weakly or not correlated with UCr or
UOsm. In both patients with and without AKI, it was
inversely associated with the composite CKD outcome
in univariate model with biomarker alone or multi-
variable model with adjustment for UCr or UOsm, but
its associations were attenuated significantly when
biomarker-to-UCr ratio or biomarker-to-UOsm ratio
was used, becoming statistically insignificant. The
predictive values of UMOD after indexing to UCr or
UOsm were also attenuated (Supplementary Table S3).
Kidney International Reports (2022) 7, 1502–1513
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*

*

*

*

*

*

Biomarker Alone 0.97 (0.85- 1.12)

1.1 (0.96- 1.26)

1.04 (0.91- 1.2)

1.15 (0.96- 1.36) 0.78 (0.66- 0.91)

0.8 (0.7- 0.92)

0.78 (0.69- 0.88)

0.79 (0.69- 0.89)

0.89 (0.77- 1.02)

0.84 (0.74- 0.95)

0.6 0.8 1 1.2

Hazard Ratio (95% CI)

1.4 1.6 1.8

1.08 (0.93- 1.25)

1.49 (1.29- 1.72)

1.58 (1.39- 1.8)

Biomarker

KIM-1

Albumin

UMOD

Model HR for biomarker HR for UCr or UOsm

Biomarker-Cr Ratio

Biomarker-Osm Ratio

Biomarker Adjusted for Cr

Biomarker Adjusted for Osm

Biomarker Alone

Biomarker-Cr Ratio

Biomarker-Osm Ratio

Biomarker Adjusted for Cr

Biomarker Adjusted for Osm

Biomarker Alone

Biomarker-Cr Ratio

Biomarker-Osm Ratio

Biomarker Adjusted for Cr

Biomarker Adjusted for Osm

1.56 (1.36- 1.79)

1.55 (1.35- 1.78)

1.51 (1.32- 1.74)

0.81 (0.7- 0.94)

0.96 (0.83- 1.1)

0.91 (0.79- 1.04)

0.85 (0.73- 0.99)

0.83 (0.72- 0.95)

a

Figure 1. (a) HR of urine KIM-1, albumin, and UMOD collected during hospitalization in patients with AKI with composite CKD outcome using
different approaches to account for urine concentration.
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For biomarkers measured 3 months after hospital
discharge in both patients with and without AKI, the
HR and C-statistic changes followed the same principle
as previously observed. These results are shown in
Supplementary Figure S2A and S2B and Supplementary
Table S3. We also performed additional analyses in
patients with stages 2 to 3 AKI, and the results were
similar to overall patients with AKI (Supplementary
Figure S3A and S3B). On the basis of the results, a
step-by-step approach to determine how to apply UCr
or UOsm to account for confounding when investi-
gating etiologic relationships or to enhance risk pre-
diction for urine biomarkers is illustrated in Figure 2.

Finally, for most biomarkers in patients with and
without AKI, the biomarker-outcome associations were
similar whether UCr or UOsm was used to index or
adjust the biomarkers.

DISCUSSION

In this study, we provide insights regarding how the
associations between urine biomarkers and occurrence
of a composite CKD outcome changed based on various
methods of accounting for urine concentration varia-
tion in patients with and without AKI. We measured
Kidney International Reports (2022) 7, 1502–1513
urine biomarkers and 2 common methods of accounting
for urine concentration, UCr and UOsm, in urine sam-
ples collected from patients during and 3 months after
hospitalization. We ascertained the outcome of CKD at
an average of 4 years after hospitalization. We found
that UCr and UOsm during hospitalization were
inversely associated with the composite outcomes both
in patients with stage 1 AKI and without AKI. We did
not see any associations with more severe stages of AKI,
likely because the number of events was inadequate for
increased variation in UCr and UOsm, especially when
UCr and UOsm excretion were not in steady states.

The biomarker-outcome association strengthened
significantly after indexing or adjusting UCr or UOsm
when the biomarker was moderately or strongly
correlated with UCr or UOsm and UCr or UOsm was
associated with the outcome, suggesting the mechanism
is via controlling for confounding. Specifically, bio-
markers’ associations with and predictive performance
for CKD were significantly strengthened for urine KIM-
1, IL-18, and MCP-1 in patients with AKI, but not for
urine albumin, NGAL, or YKL-40. In addition, UMOD’s
inverse association and predictive performance for CKD
were attenuated when indexing UCr or UOsm. Finally,
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Figure 1. Continued. (b) HR of urine biomarkers collected during hospitalization in patients without AKI with composite CKD outcome using
different approaches to account for urine concentration. *P < 0.01 compared with biomarker’s association with composite CKD outcome when
urine creatinine or osmolarity is accounted for versus biomarker alone. #The difference between biomarker’s association with composite CKD
outcome when using urine creatinine versus urine osmolarity was insignificant in any model (P > 0.01 for all comparisons). All urine mea-
surements were converted to log-2 base normally distributed Z score. HR therefore represents change per 1 SD increase of each biomarker on
its log-2 scale. AKI, acute kidney injury; CKD, chronic kidney disease; Cr, creatinine; HR, hazard ratio; KIM-1, kidney injury molecule-1; Osm,
osmolarity; UCr, urine creatinine; UMOD, uromodulin; UOsm, urine osmolarity.
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there was no significant difference in using UCr versus
UOsm to account for urine concentration, either by
indexing or adjusting. These results were consistent in
both patients with and without AKI.

In kidney disease research, timed urine collection is
often cumbersome, but it provides the most accurate
information on the daily rate of biomarker excretion.
Although the excretion rate of different biomarkers
may be of interest in patients with AKI, 24-hour
studies are rarely conducted owing to practicality is-
sues. To account for variation in urine concentration
(i.e., water content in the urine), the biomarker-to-UCr
ratio and biomarker-to-UOsm ratio are often used.
However, our study suggests that both UCr and UOsm
themselves may be prognostic. Creatinine is mostly
filtered from the glomeruli, and only a small proportion
is secreted from the proximal tubules; thus, a decrease
in UCr excretion mainly represents a decrease in the
GFR. UOsm is largely determined by both tubular
water reabsorption and electrolytes and urea nitrogen
1508
handling, which is freely filtered, but reabsorbed and
secreted along the distal nephron. A decrease in UOsm
may directly reflect the severity of GFR decline and
impairment of urea cycling from tubular injury.
Moreover, both UCr and UOsm are affected by the
nephron’s capacity to reabsorb water at all tubular
segment levels and may also represent general health of
the tubule. Therefore, UCr and UOsm serve as in-
dicators of disease severity in patients with AKI, both
in terms of glomerular filtration and tubular function.
This may be particularly important in patients with
stage 1 AKI because UCr and UOsm may provide
additional information regarding patients’ tubular
health that is not sensitively captured by the transient,
mild increase in serum creatinine. It may also provide
important prognostication for long-term kidney out-
comes in patients who otherwise may be considered to
be at low risk for AKI to CKD transition. After 3
months postdischarge, only UOsm was still inversely
associated with the composite CKD outcome in patients
Kidney International Reports (2022) 7, 1502–1513



Figure 2. Recommended approach to adjust or index UCr or UOsm to assess biomarkers’ associations with outcome. IL-18, interleukin-18; KIM-
1, kidney injury molecule-1; MCP-1, monocyte chemoattractant protein-1; NGAL, neutrophil gelatinase-associated lipocalin; UMOD, uromodulin;
UCr, urine creatinine; UOsm, urine osmolarity; YKL-40, chitinase 3-like 1.
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with AKI. This may be due to incomplete recovery of
tubular injury in these patients with AKI. As both
dietary sodium and protein intake can influence
osmolyte excretion, lower UOsm levels may also serve
as an indicator for frailty or malnutrition in patients
with AKI. The inverse association between UOsm and
kidney function decline has also been observed in pa-
tients with CKD, possibly owing to impaired concen-
tration capacity from distal nephron dysfunction.20,21

In addition, the correlation of UCr and UOsm with
various biomarkers differs among biomarkers, between
patients with and without AKI, and between hospi-
talization and 3 months after discharge. The correla-
tions were in general stronger in biomarkers
originating from proximal tubules (e.g., KIM-1, IL-18,
and MCP-1) than biomarkers that are mainly filtered
through the glomeruli (e.g., albumin) or originating
from the distal nephron (e.g., NGAL and UMOD),
although urine albumin and NGAL may also originate
from the proximal tubule after injury based on a recent
transcriptomic study of human AKI.22 Water reab-
sorption throughout the nephron may have similar
impacts on the concentration of UCr, UOsm, and bio-
markers originating from proximal tubules, but not
those from the distal nephron. Albumin is not filtered
as freely as UCr or urea. The correlations were stronger
in patients without AKI than those with AKI and
stronger at 3 months after discharge than during hos-
pitalization. This is possibly owing to the up-regulation
of injury biomarkers and decreased glomerular filtra-
tion during AKI hospitalization and persistent genera-
tion of injury and inflammation markers from
Kidney International Reports (2022) 7, 1502–1513
recovering tubules 3 months after clinical AKI has
resolved.23

Owing to the correlation of UCr and UOsm with
biomarkers and inverse associations with the CKD
outcome, the strengthening of biomarker-outcome as-
sociations after adjustment may reflect the contribution
of controlling for confounding from UCr and UOsm,
beyond correcting for urine concentration. In the
conceptual framework of accounting for urine con-
centration to establish associations and etiologic re-
lationships between urine biomarkers and outcomes
(Supplementary Figure S4), urine concentration can be
viewed as a strong instrumental variable. In other
words, its association with the outcome occurs largely
through the strong effect on the exposure (e.g., bio-
markers). Adjusting the instrumental variable was
previously shown to result in bias and larger variance
in the exposure–outcome association, especially in the
presence of unmeasured confounders, arguing against
adjusting urine concentration for urine biomarkers in
studies investigating biomarker-outcome associa-
tions.24 The inverse associations of UCr and UOsm with
CKD are possibly owing to their associations with
frailty and tubular function, which are both associated
with risk of kidney injury and CKD progression.
Therefore, UCr and UOsm may be viewed as indicators
for these confounders rather than simply for urine
concentration.

Nevertheless, the inclusion of UCr or UOsm as
covariates, or as biomarker-to-UCr ratio or biomarker-
to-UOsm ratio, to achieve better predictions of the
outcome is a distinct goal compared with investigating
1509
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etiologic relationships. Our study suggests that
adjusting UCr or UOsm may be particularly important
for urine KIM-1, MCP-1, and IL-18, whose predictions
for CKD were significantly strengthened. A previous
study demonstrated the strengthening of urine
albumin-outcome associations in the general population
after accounting for urine concentration using the same
4 approaches.15 However, whether this is due to con-
trolling for confounding is unknown. Our study sug-
gests that for these 3 biomarkers, their predictive
performance is significantly improved after indexing or
adjusting UCr or UOsm, which should be considered in
future risk-prediction research studies and clinical
practice.

Although adjusting UCr or UOsm as covariates may
be statistically more robust in regression models for
risk prediction, biomarker-to-UCr ratio and biomarker-
to-UOsm ratio may still have their roles because the
ratios can be calculated at the individual patient level
to guide clinical practice. However, there are several
assumptions underlying the use of these ratios to
represent biomarker excretion rates in patients with
AKI that deserve thorough consideration. Creatinine
and osmolyte excretion decreases with the decline of
GFR and tubular injury during AKI progression and
increases during AKI recovery.11,25,26 Dividing the
biomarker by UCr or UOsm may result in over-
estimating or underestimating the true production rate
of a biomarker.11 At the individual patient level, the
dynamic trajectory of UCr and UOsm excretion may
result in significant alterations in interpreting the
biomarker-to-UCr ratio or biomarker-to-UOsm ratio
even when biomarker excretion rates do not change.
Despite these concerns, we showed that the strength-
ening of biomarker-outcome associations after indexing
to UCr or UOsm was often similar to the strengthening
of these associations after statistically adjusting them.
Given the concern for the overestimation or underes-
timation of the true biomarker excretion rates in
nonsteady states, indexing to UCr and UOsm should be
only considered for clinical application of a subset of
urine biomarkers, such as KIM-1, IL-18, and MCP-1.

For UMOD, indexing to UCr and UOsm significantly
blunted its association with CKD. This may be caused
by mathematical issues in the regression model when
forcing 2 markers into 1 ratio, or, in other words,
including an interaction term (i.e., biomarker times 1/
UCr or 1/UOsm).27,28 This is particularly problematic
when the numerator (i.e., biomarker) is inversely
associated with the outcome. The attenuation of
UMOD-outcome association when using the UMOD-to-
UCr ratio or UMOD-to-UOsm ratio was regardless of
AKI status, highlighting the importance of careful
consideration of the relationship between biomarker,
1510
UCr, or UOsm, and outcome, before using biomarker-
to-UCr ratio or biomarker-to-UOsm ratio. With adjust-
ing for UCr or UOsm, UMOD’s inverse association with
and prediction for CKD are unchanged, suggesting
adjustment may not be necessary for this biomarker in
risk-prediction research and clinical practice.

During AKI, when steady-state creatinine or
osmolyte excretion cannot be assumed, timed urine
collection may be another approach to estimate the
biomarker excretion rate, although this requires more
coordination, may obscure rapidly changing levels,
and may delay time-sensitive decision-making.29,30

The stability of biomarkers will also need to be
ascertained.11 Another approach is to perform
repeated biomarker measurements and account for
urine volume within short periods of time; however,
this would likely require an accurate measurement of
urine volumes and the assumption of a constant
biomarker production rate. In addition, it is not clear
which metric (e.g., biomarker production rate
calculated from timed collection or biomarker-to-UCr
ratio or biomarker-to-UOSm ratio from spot samples)
has a stronger association with the outcome or which
should be used as a reference or gold standard.

Our study provided important insights regarding
how and why different approaches to account for
urine concentration result in the strengthening of
urine biomarkers’ associations with CKD outcome. One
of the limitations of our analysis was the lack of timed
collection or repeated measurements of urine bio-
markers; therefore, we are unable to compare our
approaches to account for urine concentration against
this as the reference. Another limitation was the lack
of multivariable analysis with the adjustment of other
covariates. This is because the goal of our study is to
determine how different approaches to account for
urine concentration alter the biomarker-outcome as-
sociation, rather than to determine individual bio-
markers’ associations with CKD. Biomarkers were
collected within 96 hours of AKI diagnosis, which is
relatively late considering the rapid increase of injury
biomarkers within hours after insult. This may
explain why the difference in biomarker levels in
patients with and without AKI was not prominent.
However, this would be unlikely to affect the inter-
pretation of our results, as we showed that the
strengthening of the biomarker-outcome association is
largely from controlling for confounding from UCr or
UOsm, which should be determined on a case-by-case
basis for each biomarker-outcome combination. Owing
to the variation in collection time, we cannot ensure
homogeneity in patients with AKI regarding whether
they were in the progressive or recovery phase of AKI.
However, the wide window after AKI diagnosis
Kidney International Reports (2022) 7, 1502–1513
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suggests a generalizability of the findings to the
clinical situation where ascertainment of AKI may be
delayed. The associations of UCr, UOsm, biomarkers,
and outcomes and the changes in these associations
with different adjustment approaches may also not be
generalizable to other clinical scenarios or biomarkers
and would require validation. Last, whether other
metrics, such as free water clearance, could serve as a
surrogate for urine concentration, can be explored in
future studies.

In conclusion, lower UCr and UOsm during hospital-
izations of patients with AKI are associated with higher
risk of developing CKD after discharge. This suggests
that they may serve as indicators for other confounders
associated with CKD, rather than surrogates for urine
concentration. Ultimately, indexing or adjusting UCr or
UOsm could be considered for certain biomarkers, such
as urine KIM-1, MCP-1, and IL-18 to strengthen the
biomarker-outcome association and enhance risk pre-
diction, especially for patients with AKI.
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Figure S1. (A) Hazard ratio of urine IL-18, MCP-1, NGAL

and YKL-40 collected during hospitalization in AKI patients

with composite CKD outcome using different approaches

to control for urine concentration. (B) Hazard ratio of urine

IL-18, MCP-1, NGAL and YKL-40 collected during hospi-

talization in non- AKI patients with composite CKD

outcome using different approaches to control for urine

concentration.

Figure S2. (A) Hazard ratio of urine biomarkers collected

three months after discharge in AKI patients with

composite CKD outcome using different approaches to

control for urine concentration. (B) Hazard ratio of urine

biomarkers collected three months after discharge in

non-AKI patients with composite CKD outcome using

different approaches to control for urine concentration.

Figure S3. (A) Hazard ratio of urine biomarkers collected

during in subgroup of stage 2-3 AKI patients with

composite CKD outcome using different approaches to

control for urine concentration. (B) Hazard ratio of urine

biomarkers collected three months after discharge in

subgroup of stage 2-3 AKI patients with composite CKD
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concentration.

Figure S4. Direct Acyclic Graph Depicting the Conceptual

Framework of Urine Creatinine and Urine Osmolarity as

Confounders rather than Surrogates for Urine

Concentration in Investigating Etiological Relationship

between Urine Biomarkers and Outcomes.

Table S1. Biomarker Measurement Details.

Table S2. Kidney Function at Different Study Timepoints in

Participants Stratified by AKI and Baseline CKD Status.

Table S3. Predictive Performance of biomarkers for 3-year

composite CKD outcomes using different approaches to

account for urine concentration.
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