CLINICAL RESEARCH

www.jasn.org

Impact of AKI on Urinary Protein Excretion: Analysis of
Two Prospective Cohorts
Chi-yuan Hsu,1,2 Raymond K. Hsu,1 Kathleen D. Liu,1 Jingrong Yang,2 Amanda Anderson,3
Jing Chen,4 Vernon M. Chinchilli,5 Harold I. Feldman,6 Amit X. Garg,7 Lee Hamm,4
Jonathan Himmelfarb,8 James S. Kaufman,9,10 John W. Kusek,6 Chirag R. Parikh,11
Ana C. Ricardo,12 Sylvia E. Rosas,13 Georges Saab,14 Daohang Sha,15 Edward D. Siew,16
James Sondheimer ,17 Jonathan J. Taliercio,18 Wei Yang,6 and Alan S. Go,1,2
on behalf of the Chronic Renal Insufﬁciency Cohort (CRIC) Study Investigators and
the Assessment, Serial Evaluation, and Subsequent Sequelae of Acute Kidney Injury
(ASSESS-AKI) Study
Due to the number of contributing authors, the afﬁliations are listed at the end of this article.

ABSTRACT
Background Prior studies of adverse renal consequences of AKI have almost exclusively focused on eGFR
changes. Less is known about potential effects of AKI on proteinuria, although proteinuria is perhaps the
strongest risk factor for future loss of renal function.
Methods We studied enrollees from the Assessment, Serial Evaluation, and Subsequent Sequelae of AKI
(ASSESS-AKI) study and the subset of the Chronic Renal Insufﬁciency Cohort (CRIC) study enrollees
recruited from Kaiser Permanente Northern California. Both prospective cohort studies included annual
ascertainment of urine protein-to-creatinine ratio, eGFR, BP, and medication use. For hospitalized participants, we used inpatient serum creatinine measurements obtained as part of clinical care to deﬁne an
episode of AKI (i.e., peak/nadir inpatient serum creatinine $1.5). We performed mixed effects regression
to examine change in log-transformed urine protein-to-creatinine ratio after AKI, controlling for timeupdated covariates.
Results At cohort entry, median eGFR was 62.9 ml/min per 1.73 m2 (interquartile range [IQR], 46.9–84.6)
among 2048 eligible participants, and median urine protein-to-creatinine ratio was 0.12 g/g (IQR, 0.07–
0.25). After enrollment, 324 participants experienced at least one episode of hospitalized AKI during 9271
person-years of follow-up; 50.3% of ﬁrst AKI episodes were Kidney Disease Improving Global Outcomes
stage 1 in severity, 23.8% were stage 2, and 25.9% were stage 3. In multivariable analysis, an episode of
hospitalized AKI was independently associated with a 9% increase in the urine protein-to-creatinine ratio.
Conclusions Our analysis of data from two prospective cohort studies found that hospitalization for an AKI
episode was independently associated with subsequent worsening of proteinuria.
JASN 30: 1271–1281, 2019. doi: https://doi.org/10.1681/ASN.2018101036

There is substantial recent interest in deﬁning the
extent to which episodes of acute kidney injury (AKI)
may independently contribute to the development or
acceleration of chronic kidney disease (CKD).1,2 Prior
studies of the consequences of AKI on subsequent
kidney function have almost exclusively focused on
changes in estimated glomerular ﬁltration rate
(eGFR). Few studies have examined the effect of AKI
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on subsequent change in the level of proteinuria,2,3 although proteinuria is an important measure of kidney damage, a key parameter for diagnosis and classiﬁcation of CKD severity,4 and perhaps,
the strongest risk factor for future loss of renal function.5
Animal models of renal ischemia-reperfusion injury
demonstrate a higher risk of proteinuria after AKI.6 Increased
levels of proteinuria after AKI in humans could reﬂect residual
renal tubular damage, including impaired proximal tubular uptake of ﬁltered albumin, because albumin and other low molecular weight proteins that reach the tubular lumen are normally
reabsorbed by tubular cells.7,8 In addition, lack of full recovery
from tubular injury may lead to higher levels of brush border
components of cellular enzymes in the urine.9 Finally, physicians
may avoid use of medications, such as angiotensin-converting
enzyme inhibitors (ACE-Is) or angiotensin receptor blockers
(ARBs), after AKI out of concerns that ACE-I/ARB will predispose
to recurrent AKI; this together with less strict blood pressure (BP)
control may also lead to higher levels of proteinuria after AKI.
A recent study suggested that AKI is a risk factor for incident or
worsening proteinuria among US veterans.10 However, those
results were only on the basis of semiquantitative dipstick proteinuria measurements obtained as part of routine clinical care,
and therefore, there was likely ascertainment bias in addition to
greater measurement error. Use or nonuse of ACE-I/ARB after
AKI was also not systematically assessed.10 In contrast, a prospective study of 131 pediatric patients undergoing cardiac surgery found that those who experienced mild to moderate AKI
did not subsequently have greater albuminuria compared with
those who did not experience AKI.11
The goal of this study was to quantify rigorously the association between an episode of hospitalized AKI and changes in
the level of proteinuria in adults. To achieve this, we analyzed
data from two contemporary prospective cohort studies.
METHODS

To increase sample size and generalizability, including
encompassing a wider range of eGFR, we a priori planned to combine data from participants of two prospective National Institutes
of Health–sponsored cohort studies: all enrollees from the Assessment, Serial Evaluation, and Subsequent Sequelae of AKI (ASSESS-AKI) study and the subset of the Chronic Renal Insufﬁciency
Cohort (CRIC) study enrollees recruited from Kaiser Permanente
Northern California, a large integrated health care delivery system
in which episodes of AKI are comprehensively captured through
their electronic health record system. To study if AKI is associated
with greater urinary protein excretion, we conducted a longitudinal analysis of within-person change in urine protein-to-creatinine
ratio before and after an episode of hospitalized AKI among these
ASSESS-AKI study and CRIC study participants.
Study Sample

The ASSESS-AKI study is a prospective, parallel-matched cohort study of patients discharged from the hospital.12 Brieﬂy, a
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Signiﬁcance Statement
Studies of the adverse renal consequences of AKI have almost exclusively focused on eGFR changes, whereas few studies have examined AKI’s effects on proteinuria. The authors analyzed data from
two prospective cohort studies that assessed urine protein-tocreatinine ratio, BP, eGFR, medication use and other important
covariates annually per research protocol and tracked interim episodes of hospitalization for AKI. They found that an episode of
hospitalized AKI was independently and signiﬁcantly associated
with increased proteinuria. Further research is needed to examine
worsening proteinuria as a potential mechanism by which AKI leads
to accelerated loss of renal function. The authors’ ﬁndings also
suggest that routine monitoring of proteinuria after AKI may be
warranted, and highlight the need for research to determine how to
best manage proteinuria post-AKI.

total of 1603 adults ages 18–89 years old were enrolled from
2009 to 2015 at four Clinical Research Centers. At entry, participants were required to have an eGFR$15 ml/min per
1.73 m2 (no upper limit to eGFR) and no history of maintenance hemodialysis or peritoneal dialysis. All ASSESS-AKI
study participants were enrolled for long-term follow-up
starting 3 months after initial hospitalization. In addition to
annual in-person study visits during which serum creatinine
(SCr) and urine protein-to-creatinine ratio were quantiﬁed,
BP was measured using a standardized protocol, and selfreported medication use was recorded; there were interim
6-month telephone contacts. At each contact, the occurrence
of any hospitalizations was ascertained by self-report and/or surveillance of electronic medical record systems, with validation of
clinical outcomes through physician adjudication of medical
records using standardized criteria.12 Approximately one half
of the ASSESS-AKI study participants experienced hospitalized
AKI before the start of long-term follow-up, but we did not
include that AKI episode in our analysis due to lack of quantiﬁcation of proteinuria before study enrollment.
We also studied the subset of 456 CRIC study participants
enrolled from Kaiser Permanente Northern California. The
CRIC study design and enrollee characteristics have been previously published.13215 Brieﬂy, adult patients with eGFR 20–
70 ml/min per 1.73 m2 were initially enrolled from seven
clinical centers (13 recruitment sites) throughout the United
States, with one of the recruitment sites being Kaiser Permanente
Northern California. Important exclusion criteria included
polycystic kidney disease, multiple myeloma, or glomerulonephritis on active immunosuppression. All CRIC study participants are scheduled for annual in-person study visits and
contacted every 6 months by phone. At the yearly study visit,
SCr and urine protein-to-creatinine ratio were quantiﬁed; BP
was measured using a standardized protocol, and self-reported
medication use was recorded. Occurrence of medical events of
interest was determined by participant self-report and adjudicated by study physicians after manual review of relevant
medical records. The subset of CRIC study participants enrolled from Kaiser Permanente Northern California received
JASN 30: 1271–1281, 2019
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care in a large integrated health care delivery system, where
essentially all hospitalizations (approximately 95%) occur at
Kaiser Permanente–owned hospitals. There were four Kaiser
Permanente members who were enrolled in both the ASSESSAKI study and the CRIC study, and for this analysis, they were
counted as CRIC study participants.
Ascertainment of Hospitalized AKI Episodes during
Follow-Up

The hospitalized AKI episodes included in this analysis occurred after enrollment in each study on the basis of identiﬁed
hospitalizations that included measurements of inpatient SCr.
Thus, we did not include the original AKI episode present in
approximately one half of the ASSESS-AKI study participants
at study entry, which was integral to the sampling approach in
that study. We used only inpatient SCr measurements to deﬁne
AKI in our analysis, because we wanted to reduce the chances of
mistaking rapid progression of CKD for AKI. For ASSESS-AKI
study enrollees, obtaining inpatient medical records, including
inpatient SCr values, was speciﬁed in the study protocol. For the
Kaiser Permanente Northern California enrollees who were a
part of the CRIC study, we were able to extract all inpatient SCr
values from the Kaiser Permanente electronic medical record
(an activity outside of the parent CRIC study core protocol).16,17
We adapted consensus deﬁnitions18 and deﬁned AKI as a
$50% relative difference between the peak and nadir inpatient SCr concentrations during a single hospitalization. We
did not use an absolute change of $0.3 mg/dl only to identify
patients with AKI due to concerns about possible misclassiﬁcation.19 We further deﬁned the severity of the AKI episode
as follows comparing the ratio of peak SCr with the nadir SCr:
stage 1 (relative difference of 50%–199%), stage 2 (relative difference between 200% and 299%), and stage 3 (relative difference $300%, a peak SCr $4.0, and/or having received acute
renal replacement therapy [RRT]).
Follow-Up and Outcome

Participants were followed from enrollment into the ASSESSAKI study or the CRIC study until the last research study visit
date with a research protocol–obtained urine protein-tocreatinine ratio through September 11, 2017. Follow-up also
stopped at the onset of ESRD (deﬁned as the date of initiation
of maintenance dialysis or receipt of kidney transplant) or
death from any cause.
Proteinuria was quantiﬁed as urine protein-to-creatinine
ratio (grams per gram) measured at the University of Minnesota (the ASSESS-AKI study central laboratory) or the University of Pennsylvania William Pepper Laboratory (the CRIC
study central laboratory) using urine samples collected at
the annual in-person study visits. Random spot urine samples
were used in the ASSESS-AKI study; either 24-hour urine
collections or random spot urine samples were used in the
CRIC study. No clinically obtained proteinuria measurements
were included for analysis.
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In the ASSESS-AKI study, urine total protein was measured
using a turbidimetric method, and urine creatinine was measured
using the Roche enzymatic method on a Roche Modular P analyzer from the beginning of the study through December 2013
and a Roche Cobas 6000 analyzer after January 2014. In the CRIC
study, total protein in urine was measured using a turbidimetric
method on a Roche Modular P from the beginning of the study
through October 2008. Subsequently, it was measured using
quantitation of colorimetric reaction on a Beckman Coulter UniCel DxC-800. Urine creatinine in the CRIC study was measured
using a Jaffe reaction on a BioTek microplate reader through
October 2008 and using a Jaffe rate reaction on a Beckman
Coulter UniCel DxC-800 after that date.
Covariates

Data on patient characteristics and relevant comorbid conditions were ascertained from the ASSESS-AKI study and the
CRIC study research databases. These included demographics
(age, sex, and race/ethnicity) and diabetes mellitus status at
each study visit deﬁned according to the ASSESS-AKI study
protocols and the CRIC study protocols.13215 Repeated annual
study visit eGFR level was assessed using the SCr-based
Chronic Kidney Disease Epidemiology Collaboration equation20 for the ASSESS-AKI study participants and the SCrand cystatin C–based CRIC GFR estimating equation for the
CRIC study participants.21 No clinically obtained outpatient
SCr measurements were included for analysis. Measured systolic BP (SBP), number of BP medications, and use of ACE-I
or ARB were updated at the annual study visit.22,23 For missing
values in time-updated covariates in models, we used a last
value carry-forward approach (e.g., we use the level of SBP
from the most recent prior study visit to carry forward to the
current visit if SBP is missing at the current visit). Seven ASSESS-AKI study participants with completely missing SBP
readings were excluded from analysis.
Statistical Approach

Analyses were performed using SAS software, version 9.3
(Cary, NC). We compared differences in characteristics at cohort entry between those who did and those who did not
experience an episode of AKI during follow-up. For continuous
variables, we used either the t test or the Wilcoxon rank sum
test, and for discrete variables, we used the chi-squared test.
To evaluate whether an episode of hospitalized AKI was
independently associated with a change in the level of proteinuria, we performed mixed effects regression to examine the
change in natural logarithm–transformed urine protein-tocreatinine ratio (log urine protein-to-creatinine ratio):`
Yit ¼ Log Urine protein-to-creatinine ratio for person i at time t
¼ b0 þ b0i þ b1 AGEit þ b2 AKIit þ b3 eGFRit þ b4 BPit
þ b5 Antihypertensivesit þ b6 ðACE-I=ARB useÞit
þ b7 DIABETESit þ b8 RACEi
þ b9 SEXi þ b10 ðCRIC or ASSESSÞi þ «it ;
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where b0 is the mean log urine protein-to-creatinine ratio for the
entire cohort, b0i is a random effect for the difference in mean log
urine protein-to-creatinine ratio for person i from the cohort
mean urine protein-to-creatinine ratio, AGEit is the age of person
i at time t, and AKIit is a binary indicator of whether person i
experienced AKI between time t 2 1 and t. eGFRit, BPit, Antihypertensivesit, (ACE-I/ARB use)it, and DIABETESit are the measured eGFR, SBP, use of antihypertensive medications, use of
ACE-I/ARB, and presence of diabetes mellitus for person i at
time t, respectively. RACEi, SEXi, and (CRIC or ASSESS)i indicate
the race, sex, and study enrollment of person i, respectively. «it is a
random error term for person i at time t.
We chose to analyze the urine protein-to-creatinine ratio on
the log scale, because the distribution for raw urine protein-tocreatinine ratio values was highly skewed, and residuals from
the log urine protein-to-creatinine ratio model were more
normally distributed. Furthermore, much of the published
literature shows that the association between proteinuria level
and future adverse outcomes is linear on the log scale.24,25
This mixed effects modeling approach easily accommodates
repeated episodes of hospitalized AKI that occurred between
different annual study visits for a given study participant. For
example, if a participant had an AKI episode between year 1
study visit and year 2 study visit and another episode between
year 3 study visit and year 4 study visit, both episodes were
included. Because urine protein-to-creatinine ratio was obtained yearly in the ASSESS-AKI study and the CRIC study,
for the purposes of our analysis, if more than one episode of
hospitalized AKI occurred in between consecutive annual
study visits, it was considered only a single episode (this scenario only affected 42 participants).
To assess the robustness of our ﬁndings, we conducted a
secondary analysis, which required fewer modeling assumptions but discarded selected available information. For
participants who experienced AKI, we examined log urine
protein-to-creatinine ratio measured at the closest annual
study visit before the ﬁrst episode of AKI and log urine protein-to-creatinine ratio measured at the closest annual study
visit after the ﬁrst episode of AKI and calculated the change. We
then compared this with change in log urine protein-tocreatinine ratio between two consecutive annual study visits
for randomly selected participants who did not experience AKI
matched for calendar year. Using mixed effects regression, we
analyzed the difference in the absolute change in log urine
protein-to-creatinine ratio for those who did versus did not
experience hospitalized AKI, with adjustment for the CRIC
study or the ASSESS study enrollment, age, sex, race, eGFR, SBP,
use of any antihypertensive medications, use of ACE-I/ARBs, and
presence of diabetes mellitus with time updating of covariates as
appropriate. We accounted for within-person variation by
specifying a random intercept on the individual, and we accounted for within-matched pairs correlation by specifying a
random residual on the matched pair.
We in addition examined whether more severe AKI was
associated with larger changes in urine protein-to-creatinine
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ratio. Finally, we conducted exploratory analyses into whether
baseline proteinuria was an effect modiﬁer of any association
between AKI and changes in urine protein-to-creatinine ratio.
RESULTS

Our ﬁnal cohort included 2048 study participants with available follow-up data on the occurrence of AKI episodes and
longitudinal research measurements of urine protein-to-creatinine ratio (1592 from the ASSESS-AKI study and 456 from
the CRIC study who were members of Kaiser Permanente
Northern California) (Figure 1). The characteristics of our
study population overall and by study are shown in Table 1.
Among the 1592 ASSESS-AKI study participants, 266 were
observed to have experienced at least one episode of hospitalized AKI after enrollment into the ASSESS-AKI study during a
total follow-up of 5368 person-years. Among the 456 Kaiser
Permanente Northern California CRIC study participants, 58
were observed to have experienced at least one episode of
hospitalized AKI after enrollment during a total follow-up
of 3903 person-years. Among ﬁrst episodes of hospitalized
AKI, 50.3% were Kidney Disease Improving Global Outcomes
(KDIGO) stage 1 in severity, 23.8% were KDIGO stage 2, and
25.9% were KDIGO stage 3.
One quarter of participants who experienced hospitalized AKI
(81 of 324) had more than one episode of AKI during the study
observation. Of these 81 individuals, the median number of
additional AKI episodes was 1 (interquartile range [IQR], 1–2).
The median number of urine protein-to-creatinine ratio
measurements among the 1592 ASSESS-AKI study participants was ﬁve (IQR, three to six). The median number of urine
protein-to-creatinine ratio measurements among the 456
CRIC study participants was 11 (IQR, 6–13). The median
number of urine protein-to-creatinine ratio measurements
among the persons who experienced an episode of AKI was
two (the ASSESS-AKI study) or four (the CRIC study) before
the ﬁrst AKI episode and two (the ASSESS-AKI study) or ﬁve
(the CRIC study) after the ﬁrst AKI episode. Table 2 shows the
average time gaps between episodes of hospitalized AKI and
pre- and post-proteinuria quantiﬁcation associated with the
ﬁrst episode of AKI.
In fully adjusted models, we observed that, after an episode
of hospitalized AKI, there was a 9% increase in urine proteinto-creatinine ratio (1.09-fold increase; 95% conﬁdence interval [95% CI], 1.02 to 1.16; P=0.01) in our primary analysis
(Table 3). In our secondary analysis using the matched participants, similar results were seen, with an 11% increase in
urine protein-to-creatinine ratio after an episode of hospitalized AKI (1.11-fold increase; 95% CI, 1.02 to 1.21; P=0.02)
(Table 4). (Raw urine protein-to-creatinine ratio values are
shown in Supplemental Table 3.)
To explore whether less use of ACE-I/ARB or higher SBP
after AKI may explain some of the higher urine protein-tocreatinine ratio levels after AKI, we excluded these terms from
JASN 30: 1271–1281, 2019
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Kaiser Permanente Northern California
ASSESS Study Participants
N=1,603
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Kaiser Permanente Northern California
CRIC Study Participants
N=466

Excluded Patients with
Missing PCR N=0

Excluded Patients with Missing
PCR N=10

Excluded Patients with Missing
Systolic Blood Pressure in
All Visits N=7

Excluded Patients with Missing
Systolic Blood Pressure in
All Visits N=0

N=1,596

N=456

Excluded Patients Also
Enrolled in CRIC Study N=4

Kaiser Permanente Northern California
Analytic Cohort Enrolled in ASSESS Study
N=1,592

Kaiser Permanente Northern California
Analytic Cohort Enrolled in CRIC Study
N=456

Figure 1. The ﬁnal study population was assembled from ASSESS-AKI and CRIC Kaiser Permanente Northern California study enrollees
with few exclusions. ASSESS, Assessment, Serial Evaluation, and Subsequent Sequelae; CRIC, Chronic Renal Insufﬁciency Cohort, PCR,
protein-to-creatinine ratio.

the models. In both instances, the association was not strengthened (Tables 3 and 4).
We also noted that more severe AKI was associated with
greater changes in urine protein-to-creatinine ratio (Tables 5
and 6). For example, in our primary analysis, stage 3 AKI was

associated with a 24% increase in urine protein-to-creatinine ratio (1.24-fold increase; 95% CI, 1.09 to 1.40;
P,0.001).
In exploratory analyses, we evaluated for a potential interaction between baseline proteinuria level (.0.5 or ,0.5 g/g)

Table 1. Characteristics of participants at cohort entry overall and stratiﬁed by the presence or absence of an episode of AKI
during follow-up
Characteristics of participants
Characteristics at cohort entry
Age at cohort entry, mean (6SD), yr
Women, N (%)
Black race, N (%)
eGFR at cohort entry, ml/min per 1.73 m2
Median [interquartile range]
Urine protein-to-creatinine ratio at cohort entry (g/g)
Median [interquartile range]
Diabetes mellitus, N (%)
Use of ACE-I or ARB at cohort entry, N (%)
No. of BP medications at cohort entry
Median [interquartile range]
Systolic BP at cohort entry, mm Hg
Mean (6SD)
Diastolic BP at cohort entry, mm Hg
Mean (6SD)
Follow-up characteristics
Follow-up time (year)
Median [interquartile range]

Total, n=2048

AKI during Follow-Up, n=324

Non-AKI during
Follow-Up, n=1724

P Value

63.3 (612.4)
900 (43.9%)
361 (17.6%)

63.9 (611.6)
145 (44.8%)
59 (18.2%)

63.2 (612.5)
755 (43.8%)
302 (17.5%)

0.35
0.75
0.76

62.9 [46.9–84.6]

57.1 [43.8–81.0]

63.9 [48.3–85.1]

,0.01

0.12 [0.07–0.25]
805 (39.3)
989 (48.3)

0.17 [0.09–0.42]
186 (57.4)
175 (54.0)

0.11 [0.07–0.23]
619 (35.9)
814 (47.2)

,0.001
,0.001
,0.05

2 [1–2]

2 [1–3]

2 [1–2]

,0.001

126 (621)

129 (623)

126 (621)

,0.05

71 (614)

71 (614)

71 (613)

0.87

3.9 [2.0–5.8]

4.0 [2.8–5.7]

3.9 [1.9–5.8]

0.12

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
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Table 2. Distribution of urine protein-to-creatinine ratio measurements overall and relative to AKI episodes
Total, n=2048
AKI during Follow-Up, n=324

Non-AKI during
Follow-Up, n=1724

6 (63)
5 [4–7]

5 (63)
5 [3–7]

No. of urine protein-to-creatinine ratio measurements overall
Mean (6SD) no. of urine protein-to-creatinine ratio measurements
Median [interquartile range] number of urine protein-to-creatinine ratio measurements
Urine protein-to-creatinine ratio measurements relative to AKI episode
Number of urine protein-to-creatinine ratio measurements pre-AKI
Mean (6SD)
Median [interquartile range]
Time between last pre-AKI urine protein-to-creatinine ratio and AKI episode
Mean (6SD) days
Median [interquartile range] days
No. of urine protein-to-creatinine ratio measurements post-AKI
Mean (6SD)
Median [interquartile range]
Time between AKI episode and ﬁrst post-AKI urine protein-to-creatinine ratio
Mean (6SD) days
Median [interquartile range] days

and AKI and found a statistically signiﬁcant interaction in our
primary analysis (P,0.01). In stratiﬁed models, the association of AKI with change in urine protein-to-creatinine ratio
was more pronounced among those with baseline urine protein-to-creatinine ratio ,0.5 g/g (adjusted relative risk, 1.14;
95% CI, 1.06 to 1.22) than those with baseline urine proteinto-creatinine ratio $0.5 g/g (adjusted relative risk, 0.93; 95%
CI, 0.78 to 1.10). Similar results were noted in our secondary
analysis (results are not shown).
Results of the full multivariable mixed effects models are
shown in Supplemental Table 1. As expected, time-updated
diabetes mellitus, higher SBP, and lower eGFR were all risk
factors for more proteinuria, but the parent study was not
associated with the outcome in the primary analysis. Supplemental Table 2 shows the results of the full multivariable
mixed effects models for our sensitivity analysis.
Among patients with hospitalized AKI, mean SBP measured
at the closest annual study visit before the AKI episode was
127622 mm Hg; mean SBP measured at the closest annual
study visit after the AKI episode was 130623 mm Hg

3 (62)
2 [1–3]
199 (6131)
190 [100–283]
3 (62)
2 [1–3]
194 (6138)
170 [96–265]

(P=0.10). After an episode of AKI, the mean number of antihypertensive medications decreased (from 1.66 1.4 to
1.161.4; P,0.001). Prevalence of ACE-I/ARB use was
41.4% pre-AKI and 39.2% post-AKI (P=0.58).
DISCUSSION

In this unique prospective analysis of two distinct patient
populations—one consisting of patients discharged from the
hospital (approximately one half of whom had an episode of
hospitalized AKI shortly before study entry) and another consisting of community-dwelling persons with CKD—we found
that hospitalized AKI was independently associated with a
subsequent increase in proteinuria.
Examining proteinuria as a sequela of AKI is a novel dimension to understanding whether and how AKI may accelerate the development or progression of CKD. Prior studies of
the adverse renal consequences of AKI have almost exclusively
focused on changes in SCr-based eGFR.2,3 Such a focus on SCr

Table 3. Multivariable association of an episode of AKI and change (fold increase) in level of urine protein-to-creatinine ratio
overall and analyses that exclude receipt of angiotensin-converting enzyme inhibitor/angiotensin receptor blocker or systolic
BP level

Comparisons

AKI between study visits
(versus no AKI)

Full Model (Shown in Supplemental
Table 1)

Model Excluding Receipt of
ACE-I/ARB

Model Excluding Systolic
BP Level

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

P Value

1.09 (1.02 to 1.16)

0.01

1.09 (1.02 to 1.17)

0.01

1.07 (1.00 to 1.14)

0.04

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; 95% CI, 95% conﬁdence interval.
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Table 4. Multivariable association of an episode of AKI and change (fold increase) in level of urine protein-to-creatinine ratio
using an AKI versus matched non-AKI episode modeling approach (i.e., comparing only a single pair of pre- and poststudy
visits urine protein-to-creatinine ratios) overall and analyses that exclude receipt of angiotensin-converting enzyme inhibitor/
angiotensin receptor blocker or systolic BP level
Full Model (Shown in
Supplemental
Table 2)

Comparisons

AKI between study visits (versus no AKI)

Model Excluding Receipt of
ACE-I/ARB

Model Excluding Systolic
BP Level

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

P Value

1.11 (1.02 to 1.21)

0.02

1.11 (1.02 to 1.21)

0.02

1.08 (0.99 to 1.18)

0.09

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; 95% CI, 95% conﬁdence interval.

may underestimate the potential renal sequelae of AKI, because even if an episode of AKI does lead to nephron loss, total
GFR may be sustained due to compensatory increase in singlenephron GFR.26,27 Patient series have reported relatively high
incidence of proteinuria among adult survivors of severe AKI
(e.g., patients requiring acute RRT).28,29 However, these studies did not include non-AKI comparator groups, and there was
no information on whether proteinuria was present before the
AKI episode. In a recent parallel cohort study, patients who
had experienced AKI had more proteinuria than matched
controls who did not.30 However, there was no assessment
of proteinuria before the AKI episode, and therefore, it was
not clear if the patients with AKI merely had higher levels of
proteinuria before the AKI episode. This is an important consideration, because proteinuria is itself a risk factor for
AKI31,32; therefore, any differences in levels of proteinuria observed post-AKI could have been present pre-AKI.
Our study ﬁndings are concordant with and extend those of
Parr et al.,10 who recently reported that AKI is a risk factor for
worsening of proteinuria in a retrospective cohort study of
90,614 US veterans who were hospitalized between 2004 and
2012. A major advantage of our study compared with that of
Parr et al.10 includes our use of research-grade quantiﬁcation
of urine protein-to-creatinine ratio (rather than semiquantitative readings from dipstick urinalysis obtained as part of
routine clinical care). In addition, there was research protocol–driven rigorous and systematic prospective ascertainment

of important covariates, such as BP and receipt of ACE-I/ARB
concurrent in time with proteinuria assessment. Our study
design focusing on within-person changes in urine proteinto-creatinine ratio level also reduces the potential effect of
confounding and ascertainment bias. We deﬁned AKI on the
basis of actual observed acute changes in SCr, which are much
more accurate than reliance on administrative diagnostic codes.33237 The inclusion of enrollees from two cohorts increases the external validity of our study.
We note that, when SBP was excluded from the mixed effects
model, AKI was persistently associated with worsening
proteinuria, and the magnitude of effect was not greater
(speciﬁcally, 1.07- versus 1.09-fold increase in urine proteinto-creatinine ratio) (Table 3). Thus, this did not support the
hypothesis that increased proteinuria after AKI reﬂected higher
BP after AKI. The lack of change in the urine protein-tocreatinine ratio parameter estimate with exclusion of the
term for receipt of ACE-I/ARB from the mixed effects model
(1.09 versus 1.09 in Table 3) suggests that change in reninangiotensin system blockade is also not an explanation.
Our study extends the growing literature concerning the
bidirectional association between AKI and proteinuria. Research in the past decade has clearly established that proteinuria (similar to reduced eGFR) is a strong risk factor for
AKI.25,31,32 A recent study reported that proteinuria (similar
to reduced eGFR) is an independent risk factor for nonrecovery from severe dialysis-requiring AKI.38 Demonstrating that

Table 5. Multivariable association of severity of AKI and change (fold increase) in level of urine protein-to-creatinine ratio
overall and analyses that exclude receipt of angiotensin-converting enzyme inhibitor/angiotensin receptor blocker or systolic
BP level
Full Model
Comparisons

Relative Risk
(95% CI)

Model Excluding Receipt of ACE-I/ARB
P Value

AKI stage 1 between study visits 1.06 (0.97 to 1.16)
0.22
(versus no AKI)
AKI stage 2 between study visits 1.01 (0.89 to 1.15)
0.88
(versus no AKI)
AKI stage 3 between study visits 1.24 (1.09 to 1.40) ,0.001
(versus no AKI)

Model Excluding Systolic BP Level

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

1.06 (0.97 to 1.16)

0.21

1.04 (0.95 to 1.14)

0.35

1.01 (0.88 to 1.15)

0.92

0.99 (0.87 to 1.13)

0.89

1.25 (1.10 to 1.42)

,0.001

1.21 (1.06 to 1.37)

,0.01

P Value

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; 95% CI, 95% conﬁdence interval.
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Table 6. Multivariable association of severity of AKI and change (fold increase) in level of urine protein-to-creatinine ratio
using an AKI versus matched non-AKI episode modeling approach (i.e., comparing only a single pair of pre- and post-study
visits urine protein-to-creatinine ratios) overall and analyses that exclude receipt of angiotensin-converting enzyme inhibitor/
angiotensin receptor blocker or systolic BP level
Full Model
Comparisons

Relative Risk
(95% CI)

Model Excluding Receipt of ACE-I/ARB
P Value

AKI stage 1 between study visits 1.03 (0.92 to 1.16)
0.59
(versus no AKI)
AKI stage 2 between study visits 1.07 (0.91 to 1.26)
0.43
(versus no AKI)
AKI stage 3 between study visits 1.32 (1.12 to 1.55) ,0.001
(versus no AKI)

Model Excluding Systolic BP Level

Relative Risk
(95% CI)

P Value

Relative Risk
(95% CI)

1.03 (0.92 to 1.16)

0.57

1.00 (0.88 to 1.12)

0.95

1.07 (0.90 to 1.26)

0.44

1.06 (0.90 to 1.26)

0.48

1.32 (1.13 to 1.56)

,0.001

1.29 (1.09 to 1.53)

,0.01

P Value

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; 95% CI, 95% conﬁdence interval.

proteinuria worsens after AKI and rigorously quantifying the
magnitude of this in patients with mostly mild to moderate
AKI add importantly to complete the understanding of how
AKI and CKD, two of the major clinical problems in nephrology, are interconnected.39,40 Our results and those of Parr
et al.10 make contributions in at least several areas. First,
they give pathophysiologic insights (e.g., worsening proteinuria as a potential mechanism by which AKI leads to accelerated loss of renal function). Second, these data have clinical
practice implications (e.g., physicians should not only determine eGFR but also, monitor proteinuria among patients who
experienced AKI). Third, they highlight important related research questions (e.g., how should proteinuria, BP medications, and target BP level be managed after AKI?). Fourth,
results of our exploratory analysis could generate mechanistic
hypotheses useful for additional research.
Limitations of our study include the relatively small number of
patients with dialysis-requiring AKI, which precluded our ability
to explore the effect of AKI of the greatest severity on subsequent
proteinuria levels. Because of changes in the study protocol over
time and enrollee willingness to collect timed urine specimens
repeatedly, both 24-hour urine collections and random urine
samples were used to determine urine protein-to-creatinine
ratio in the CRIC study, which may contribute to measurement variation. The central laboratory methodology for quantiﬁcation of urine protein and urine creatinine changed over
time for both the ASSESS-AKI study and the CRIC study, but
these changes should affect both study participants who did and
study participants who did not experience AKI, and it should
not contribute additional bias. Proteinuria was only assessed
once yearly, and there are known substantial day-to-day ﬂuctuations in this parameter.41 We could not analyze longitudinal
changes in urine albumin-to-creatinine ratio, because proteinuria in the CRIC study participants during follow-up was
quantiﬁed only as total proteinuria, consistent with prior studies that have included patients with CKD without diabetes.42
In general, urine protein-to-creatinine ratio and albumin-tocreatinine ratio are strongly correlated, and study conclusions
are very similar when either was analyzed.43246 There are
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theoretical advantages to assessing total (i.e., albumin and nonalbumin) protein excretion in the urine47,48 when assessing
renal tubular damage. However, because we did not have the
ratio of urine albumin to urine total protein, we are unable to
shed more light on the nature of proteinuria. Combining two
different study cohorts augmented study power and external
validity but also, introduced more heterogeneity; however, the
ASSESS-AKI study and the CRIC study were designed to have
similar follow-up visit schedules and protocol elements. We
chose to focus only on hospitalized AKI episodes, because given
the currently available research and nonresearch data sources,
it is difﬁcult methodologically to deﬁne with conﬁdence outpatient AKI episodes unrelated to hospitalizations. It can be
particularly challenging to distinguish potential outpatient AKI
episodes from nonlinear eGFR trajectories in CKD or rapid
progression of CKD.49
In conclusion, on the basis of our analyses of at-risk adults
with pre- and post-AKI urine protein-to-creatinine ratio measurements in two prospective research cohorts, AKI is an
independent risk factor for worsening proteinuria. Future
studies are needed to better deﬁne how different treatment
strategies affecting parameters, such as post-AKI proteinuria,
may affect prognosis among patients who experienced AKI to
inform best practices.
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Supplementary Table 1. Multivariable association between AKI and change in
level of urine PCR, full model and analyses that exclude receipt of ACE-I/ARB or
systolic blood pressure level

Predictors in mixed
effects model

Full Model

Relative risk
(95% CI)

Model excluding
receipt of ACEI/ARB
P

AKI between
study visits (vs.
no AKI)*

1.090
( 1.021 to
1.163)

eGFR (per 1
ml/min/1.73m2
increase)*

0.997
(0.996 to 0.998)

Systolic blood
pressure (per 1
mmHg increase)*

1.010
( 1.009 to
1.010)

<0.00
1

Receipt of ACEI/ARB*

0.842
(0.798 to 0.888)

<0.00
1

Antihypertensive
medication use*

1.042
( 1.008 to
1.077)

0.02

Diabetes mellitus
(vs. no diabetes) *

1.470
( 1.379 to
1.568)

<0.00
1

Age (per 1 year
increase)*

1.014
( 1.012 to
1.017)

Black race (vs.
non-black)

0.01

<0.00
1

Relative risk
(95% CI)
1.093
( 1.024 to
1.166)
0.997
(0.996 to 0.998)
1.010
( 1.009 to
1.011)

Model excluding
systolic blood
pressure level
P

Relative risk
(95% CI)

0.01

1.071
( 1.003 to 1.144)

0.04

<0.001

0.999
(0.998 to 1.000)

0.01

<0.001
0.831
(0.786 to 0.878)

<0.001

0.08

1.026
(0.992 to 1.062)

0.13

1.450
( 1.359 to
1.546)

<0.001

1.486
( 1.390 to 1.588)

<0.001

<0.00
1

1.014
( 1.012 to
1.017)

<0.001

1.020
( 1.017 to 1.023) <0.001

1.311
( 1.160 to
1.483)

<0.00
1

1.284
( 1.136 to
1.451)

<0.001

1.432
( 1.259 to 1.628)

Female (vs. male)

1.009
(0.919 to 1.108)

0.85

1.034
(0.942 to 1.135)

0.48

ASSESS-AKI
participant (vs.
CRIC participant)

1.050
(0.937 to 1.177)

*Time-updated predictors

0.40

1.030
(0.996 to 1.064)

P

1.093
(0.976 to 1.224)

0.12

0.977
(0.885 to 1.077)
1.039
(0.922 to 1.172)

<0.001

0.64

0.53

Supplementary Table 2. Multivariable association between AKI and change in
level of urine PCR using an AKI vs. matched non-AKI episode modeling
approach (i.e. comparing only single pair of pre- and post- study visits urine
PCR), full model and analyses that exclude receipt of ACE-I/ARB or systolic blood
pressure level

Predictors in mixed
effects model

Full Model

Relative risk
(95% CI)

Model excluding
receipt of ACEI/ARB
P

Relative risk
(95% CI)

Model excluding
systolic blood
pressure level
P

Relative risk
(95% CI)

P

AKI between
study visits (vs.
no AKI)*

1.107
( 1.017 to 1.205)

0.02

1.108
( 1.018 to 1.206)

0.02

1.079
(0.989 to 1.178)

0.09

eGFR (per 1
ml/min/1.73m2
increase)*

0.988
(0.986 to 0.991)

<0.001

0.989
(0.986 to 0.991)

<0.001

0.990
(0.987 to 0.993)

<0.001

Systolic blood
pressure (per 1
mmHg increase)*

1.011
( 1.009 to 1.014) <0.001

1.011
( 1.009 to 1.014)

<0.001

Receipt of ACEI/ARB*

0.906
(0.777 to 1.058)

0.21

Antihypertensive
medication use*

1.122
( 1.009 to 1.248)

0.03

0.903
(0.770 to 1.059)

0.21

1.114
( 1.002 to 1.238)

0.05

1.113
(0.997 to 1.242)

0.06

1.790
<0.001
( 1.530 to 2.096)

1.762
( 1.508 to 2.059)

<0.001

1.880
( 1.598 to 2.210)

<0.001

Age (per 1 year
increase)*

0.986
(0.979 to 0.993)

<0.001

0.986
(0.979 to 0.993)

<0.001

0.990
(0.983 to 0.998)

0.01

Black race (vs.
non-black)

0.933
(0.749 to 1.162)

0.54

0.923
(0.741 to 1.149)

0.47

1.053
(0.841 to 1.318)

0.65

Female (vs. male)

0.920
(0.776 to 1.090)

0.33

0.935
(0.790 to 1.106)

0.43

0.891
(0.748 to 1.061)

0.19

ASSESS-AKI
participant (vs.
CRIC participant)

1.259
( 1.016 to 1.562)

Diabetes mellitus
(vs. no diabetes) *

*Time-updated predictors

0.04

1.289
( 1.042 to 1.594)

0.02

1.261
( 1.010 to 1.574)

0.04

Supplementary Table 3. Distributions of absolute levels of urine
protein/creatinine ratio (in units of g/g) at two consecutive study visits with and
without intervening AKI.

Matched AKI
participants (N=324)
Matched non-AKI
participants (N=324)

Median (IQR) urine
proteinuria/creatinine level
from earlier study visit
0.18 (0.10-0.49) (g/g)

Intervening
AKI
Yes

Median (IQR) urine
proteinuria/creatinine level
from subsequent study visit
0.20 (0.10-0.53) (g/g)

0.12 (0.07-0.24) (g/g)

No

0.11 (0.07-0.24) (g/g)

