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Background: Acute kidney injury (AKI) is a serious global public health problem. We aimed to quantify the

risk of AKI associated with estimated glomerular filtration rate (eGFR), albuminuria (albumin-creatinine ratio

[ACR]), age, sex, and race (African American and white).

Study Design: Collaborative meta-analysis.

Setting & Population: 8 general-population cohorts (1,285,049 participants) and 5 chronic kidney disease

(CKD) cohorts (79,519 participants).

Selection Criteria for Studies: Available eGFR, ACR, and 50 or more AKI events.

Predictors: Age, sex, race, eGFR, urine ACR, and interactions.

Outcome: Hospitalized with or for AKI, using Cox proportional hazards models to estimate HRs of AKI and

random-effects meta-analysis to pool results.

Results: 16,480 (1.3%) general-population cohort participants had AKI over a mean follow-up of 4 years;

2,087 (2.6%) CKD participants had AKI over a mean follow-up of 1 year. Lower eGFR and higher ACR

were strongly associated with AKI. Compared with eGFR of 80 mL/min/1.73 m2, the adjusted HR of AKI at

eGFR of 45 mL/min/1.73 m2 was 3.35 (95% CI, 2.75-4.07). Compared with ACR of 5 mg/g, the risk of AKI

at ACR of 300 mg/g was 2.73 (95% CI, 2.18-3.43). Older age was associated with higher risk of AKI, but

this effect was attenuated with lower eGFR or higher ACR. Male sex was associated with higher risk of

AKI, with a slight attenuation in lower eGFR but not in higher ACR. African Americans had higher AKI risk

at higher levels of eGFR and most levels of ACR.

Limitations: Only 2 general-population cohorts could contribute to analyses by race; AKI identified by

diagnostic code.

Conclusions: Reduced eGFR and increased ACR are consistent strong risk factors for AKI, whereas

associations of AKI with age, sex, and race may be weaker in more advanced stages of CKD.
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Acute kidney injury (AKI) is increasingly recog-
nized as a serious problem in global public

health.1 Although estimates of AKI incidence in the
general population are sparse, AKI occurs in 3.2% to
9.6% of hospital admissions2,3 and 2.1% to 22.1% of

prevalent intensive care unit patients4 worldwide.
Furthermore, AKI is associated with substantial
morbidity, including prolonged hospital stay, end-stage
renal disease, earlier stages of chronic kidney disease
(CKD), and short- and long-term mortality.3,5,6
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Certain patient characteristics may predispose to
AKI. CKD, assessed as decreased estimated glomer-
ular filtration rate (eGFR) or elevated albuminuria,
has been linked to increased AKI risk.7-10 Similarly,
older age, male sex, and African American race have
been associated with higher risk of AKI.11-13 The
generalizability of existing studies investigating de-
mographic risk factors is limited, with most estimates
derived in single cohorts. In addition, little attention
has been paid to how demographic associations may
vary over the spectrum of kidney function. Thus, the
objectives of this study were to evaluate the associa-
tions of eGFR and albuminuria with AKI in a large
global consortium of studies, as well as to investigate
the relative importance of age, sex, and race across the
full range of eGFR and albuminuria.

METHODS

Design Overview

Study data were obtained by the CKD Prognosis Consortium
(CKD-PC) for meta-analysis as previously described.10,14-17 Co-
horts with baseline measurements of eGFR and albuminuria, at
least 1,000 participants (not applied to cohorts preferentially
enrolling persons with eGFRs , 60 mL/min/1.73 m2), and at least
50 AKI events were eligible for inclusion. This study was
approved for use of deidentified data by the Institutional Review
Board (IRB) at the Johns Hopkins University Bloomberg School
of Public Health (IRB number: 3324).

Settings and Participants

Thirteen studies met eligibility criteria. All cohorts were
included in analyses of AKI incidence and the risk associated with
eGFR, but only those with measured risk factors or populations
relevant for the comparison of interest were included in analyses of
albumin-creatinine ratio (ACR), age, sex, and race (eg, studies
measuring proteinuria by dipstick were not included in continuous
analyses of ACR, and the all-male Uppsala Longitudinal Study of
Adult Men [ULSAM] was not included in the analysis by sex). For
the present study, only participants with baseline eGFR . 15 mL/
min/1.73 m2 were included, and participating studies were cate-
gorized as either general-population or CKD cohorts, reflecting the
distribution of eGFR and ACR.

Interventions

eGFR was calculated using creatinine concentrations (stan-
dardized when possible to isotope-dilution mass spectrometry) and
the 2009 CKD Epidemiology Collaboration (CKD-EPI) creatinine
equation.18 The preferred measure of albuminuria was urine ACR;
however, cohorts with quantitative dipstick protein were also
included in analyses of eGFR, adjusting for ordinal category of
dipstick results. In categorical analyses, dipstick test results of
negative, trace, 11, and $21 were considered equivalent to
ACR , 10, 10 to 29, 30 to 299, and $300 mg/g, respectively,19,20

and the groups of ACR , 30, 30 to 299, and $300 mg/g were
referred to as no albuminuria, moderately increased albuminuria,
and severely increased albuminuria.21 Age, sex, and race were
self-reported, with the former categorized as 18 to 54, 55 to 64, 65
to 74, and 75 years or older in interaction analysis, and the latter
categorized as African American and non–African American
(95% of non–African American participants were white) when
used as a covariate in adjustment and African American and white
when used as a covariate in the interaction analysis.

Outcomes and Follow-up

The primary outcome was diagnostic code–defined AKI,
determined as an International Classification of Disease, Ninth
Revision, Clinical Modification code of 584.x or International
Classification of Disease, Tenth Revision, Clinical Modification
code of N17.x associated with a hospitalization. These codes
have been validated previously in the United States, Israel, and
Canada, with lower sensitivity (range, 17%-80%) but high
specificity (range, 96%-100%).22-24 Sensitivity was generally
higher for more severe disease.25 Follow-up was censored at
the development of end-stage renal disease, death, or loss to
follow-up.

Statistical Analysis

Analyses were performed by 2-stage meta-analysis. At the first
stage, each study was analyzed individually, using all participants 18
years or older with baseline eGFR and albuminuria. Missing values
for covariates other than age, sex, and racewere estimated usingmean
imputation. Variables missing in .50% of the cohort were not
included as covariates (Item S1, available as online supplementary
material). Cox proportional hazards models were fitted on eGFR
linear splines (knots at 30, 45, 60, 75, 90, and 105 mL/min/1.73 m2),
log-transformed ACR splines (knots at 10, 30, and 300 mg/g for
general population cohorts; knots at 30, 300, and 1,000 mg/g forCKD
cohorts), age, sex, race, body mass index, smoking, diabetes, systolic
blood pressure, history of cardiovascular disease, and total cholesterol
level. Due to small sample size in the analyses by race, the upper and
lower knots in eGFR were omitted for these models. The overall
relationshipbetween eGFRandAKIwas thendetermined, calculating
hazard ratios (HRs) at each 1–mL/min/1.73 m2 increment. Next, in-
teractions between eGFR and each risk factor (age, sex, or race) were
determined by including the eGFR–risk factor product term in the
Cox model. For cohorts with ACR, a similar method was used to
estimate risk associated with ACR and the interactions between ACR
and each risk factor. For analyses of general-population cohorts, a
reference eGFR of 80 mL/min/1.73 m2 and ACR of 5 mg/g were
used, as described previously.26 For analyses of CKD cohorts,
reference eGFR of 50 mL/min/1.73 m2 and ACR of 50 mg/g were
used. Heterogeneity of effects was investigated using the I2 statistic.
At the second stage, estimates from each cohort were pooled

using a random-effects model, with each study receiving a weight
corresponding to the inverse of the variance of each spline coef-
ficient. Pointwise interaction was estimated as the ratio of HRs in
each age, sex, or race category compared with the reference
category (age 55-64 years, male sex, and white race, respectively)
at each 1–mL/min/1.73 m2 increment of eGFR or 8% increment in
ACR. The adjusted incidence rates at eGFR of 80 mL/min/1.73 m2

and ACR of 5 mg/g were estimated as the weighted-average study-
specific incidence rates for the reference category of each risk
factor (age 55-64 years, male sex, and white race) as previously
described.26 This value was treated as a fixed reference point, and
the adjusted incidence rate at each increment of eGFR and ACR
was estimated as the product of the fixed reference and the meta-
analyzed HRs. Finally, pooled HRs in 7 categories of eGFR (15-
29, 30-44, 45-59, 60-74, 75-89, 90-104, and $105 mL/min/
1.73 m2) and 4 categories of ACR (,10, 10-29, 30-299,
and $300 mg/g) were compared across age, race, and sex cate-
gories to assess overall interactions. Multiplicative interactions
with P , 0.05 were considered significant. All analyses were
performed using Stata, version 13.1 MP (StataCorp LP).

RESULTS

Baseline Characteristics

Thirteen cohorts from 8 different countries com-
prising 1,364,568 participants met eligibility criteria
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