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Renal Recovery After Acute Kidney Injury and Long-term Outcomes
Is Time of the Essence?
Ravindra L. Mehta, MBBS, MD, DM

After any illness, restoration to good health results from organ functional recovery that is dependent
on the prior state of health, severity of illness, and the process of care. Although the severity stage
can be delineated by the magnitude of structural and functional derangement at any point in time,
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quantifying recovery is often difficult, as it requires knowledge of the prior condition of the organ and
ongoing interventions. The course of disease, with progression or improvement, consequently
represents both the nature and extent of injury and repair, the associated comorbidities, and the
management. Furthermore, the association of the extent of recovery with short-term and long-term
outcomes requires accurate definitions and recognition of the events during and after the illness. In
acute kidney injury (AKI), it is well recognized that the stage of AKI; associated comorbidities of
diabetes, heart failure, and chronic kidney disease (CKD); and dialysis requirements are associated
with adverse outcomes.1 More recently, attention has focused on the duration and number of
episodes of AKI as factors associated with nonrecovery from AKI and short-term and long-term
mortality. Most of these data have emerged from retrospective studies from postcardiac surgery and
intensive care unit settings and have not been studied prospectively in other settings. Bhatraju et al2
studied long-term major adverse kidney events (MAKE), including incidence or progression of CKD,
death, or dialysis, in the prospective, multicenter Assessment, Serial Evaluation, and Subsequent
Sequelae (ASSESS-AKI) cohort study. Patients with and without AKI who survived hospitalization for
3 months were enrolled and followed up for a median of 4.7 years. Patients with AKI were classified
as having resolving AKI if their serum creatinine values decreased by 0.3 mg/dL or more (to convert
to micromoles per liter, multiply by 88.4) or 25% or more from maximum within the first 72 hours
after AKI diagnosis and as having nonresolving AKI if they failed to meet these criteria. Most patients
(74%) had Stage 1 AKI, 9% had sepsis, 4% required mechanical ventilation, and less than 7% needed
dialysis. Of the patients with AKI, 62% had a resolving pattern; 54% of these patients had returned
to baseline creatinine concentration at hospital discharge and 51% returned to baseline creatinine
concentration at 3 months, whereas only 16% of patients with nonresolving AKI had returned to
baseline creatinine concentration at hospital discharge and 38% returned to baseline creatinine
concentration at 3 months. Compared with patients with no AKI, those with resolving AKI had an
almost 2-fold higher risk of MAKE and those with nonresolving AKI had an almost 3-fold higher risk
of MAKE; these risks persisted when adjusted for underlying comorbidities and Kidney Disease:
Improving Global Outcomes stage of AKI. Patients with nonresolving AKI had a higher rate of incident
and progressive CKD. Patients with AKI had a higher mortality rate than those without AKI (22% vs
12%), but there were no differences between patients with resolving AKI and those with
nonresolving AKI. Interestingly, the AKI severity stage did not differentiate the development of
MAKE during the 4 years of follow-up.
The findings in the study by Bhatraju et al2 provide evidence for considering the timing of
functional recovery from AKI as a factor associated with future adverse events. Prior studies in
different settings have examined these issues. In a cohort of 10 275 patients undergoing coronary
artery bypass grafting, Swaminathan et al3 showed the percentage decline in serum creatinine
concentration within the first 24 hours from the peak value was the factor best associated with 1-year
survival in the 1113 patients with AKI. Kellum et al4 determined 5 different patterns of renal recovery
after AKI in a single-center cohort of patients in the intensive care unit and showed that those with
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sustained nonrecovery had the highest mortality during hospitalization. Most recently, Siew et al5
analyzed a retrospective cohort of 47 903 predominantly male US veterans with Kidney Disease:
Improving Global Outcomes Stage 2 and 3 AKI and stratified their recovery pattern based on the time
to achieve a serum creatinine concentration within 120% of a baseline value within 90 days of the
peak injury. During a median of 42 months of follow-up, patients with recovery within 1 to 4 days had
the lowest rates of kidney failure or a continued 40% decrease in estimated glomerular filtreation
rate below a reference value during the 90-day recovery period. The study by Bhatraju et al2 study
additionally highlights the shortfall of current AKI staging criteria used alone in assessing outcomes,
as the severity stage by itself did not differentiate among which patients would develop MAKE;
rather, the recovery pattern was more informative. This finding was similarly seen in the coronary
artery bypass graft3 and intensive care unit4 cohort studies and in aggregate emphasizes the need for
clinicians to consider the patient’s course after AKI as a determinant of outcome.
Although there is now increasing interest in understanding the timing of recovery to identify
distinct phenotypes prone to adverse outcomes, it is important to realize that these are just initial
pieces of the puzzle. For instance, the ability to distinguish recovery from nonrecovery and the timing
thereof depends on the definitions used. Xu et al6 compared 5 prevailing definitions of kidney
recovery in a cohort of patients who underwent cardiac surgery and had AKI and found recovery
rates from 44% to 84%, illustrating the need for uniform definitions of kidney recovery. Factors
associated with the distinction between an early vs delayed recovery are also subject to variation, as
the time to recovery is established from the peak value of serum creatinine. Although peak values
are determined by the underlying severity of AKI, they are also associated with the process of care
applied. Few studies describe a creatinine value corrected for cumulative fluid accumulation; hence,
the ascertainment of peak values and improvement may not be accurate. Comorbidities including
underlying CKD are recognized as risk factors for AKI and are associated with renal recovery. In the
study by Bhatraju et al2, 40% of the patients had underlying CKD; however, incident CKD was the
major MAKE component that differed between the resolving AKI and nonresolving AKI groups and
the rate of CKD progression was not significantly different between groups. The higher risk for MAKE
among patients with nonresolving AKI was sustained when patients with CKD were excluded. It is
likely that intervening events (eg, repeated AKI episodes or continued nephrotoxic exposures) are
associated with the patients’ course after an AKI episode and may not be captured in the study
population. The ASSESS-AKI study design limited enrollment to patients who survived 90 days;
hence, most of the patients had mild AKI and a very low need for dialysis. The long intervals between
study assessments could limit recognition of prevailing events that are associated with the course of
illness and adverse outcomes.
The cumulative evidence to date highlights the need for further research in this area and could
be guided by a framework to understand the association among patient susceptibility, exposures,
process of care, and outcomes.1 The availability of big data, machine learning and algorithms for data
mining and biomarkers offers novel opportunities to improve our understanding of these complex
interactions.7,8 It is, however, clear that clinicians managing patients with AKI should consider the
severity of the disease and the ensuing course and tailor their diagnostic and therapeutic
interventions to facilitate rapid and complete recovery of kidney function. Ultimately, restoring good
health is the goal for which both patients and physicians are striving.
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Abstract
IMPORTANCE The severity of acute kidney injury (AKI) is usually determined based on the
maximum serum creatinine concentration. However, the trajectory of kidney function recovery could
be an additional important dimension of AKI severity.
OBJECTIVE To assess whether the trajectory of kidney function recovery within 72 hours after AKI
is associated with long-term risk of clinical outcomes.

Key Points
Question Is the trajectory of kidney
function within 72 hours after acute
kidney injury associated with 5-year
clinical outcomes, such as chronic
kidney disease, dialysis, and death?
Findings Among 1538 participants in
this prospective multicenter cohort

DESIGN, SETTING, AND PARTICIPANTS This prospective, multicenter cohort study enrolled 1538
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adults with or without AKI 3 months after hospital discharge between December 1, 2009, and
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February 28, 2015. Statistical analyses were completed November 1, 2018. Participants with or

long-term outcomes. In adjusted
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analyses, patients with a nonresolving

prehospitalization estimated glomerular filtration rate. Participants with AKI were classified as having

recovery pattern after acute kidney

resolving or nonresolving AKI based on previously published definitions. Resolving AKI was defined

injury had a 51% greater risk for the

as a decrease in serum creatinine concentration of 0.3 mg/dL or more or 25% or more from

composite kidney-specific clinical

maximum in the first 72 hours after AKI diagnosis. Nonresolving AKI was defined as AKI not meeting

outcome compared with patients with a

the definition for resolving AKI.

resolving acute kidney injury recovery
pattern, independent of traditional

MAIN OUTCOMES AND MEASURES The primary outcome was a composite of major adverse

criteria to risk stratify patients with

kidney events (MAKE), defined as incident or progressive chronic kidney disease, long-term dialysis,

acute kidney injury.

or all-cause death during study follow-up.
RESULTS Among 1538 participants (964 men; mean [SD] age, 64.6 [12.7] years), 769 (50%) had no
AKI, 475 (31%) had a resolving AKI pattern, and 294 (19%) had a nonresolving AKI pattern. After a
median follow-up of 4.7 years, the outcome of MAKE occurred in 550 (36%) of all participants. The
adjusted hazard ratio for MAKE was higher for patients with resolving AKI (adjusted hazard ratio,
1.52; 95% CI, 1.01-2.29; P = .04) and those with nonresolving AKI (adjusted hazard ratio 2.30; 95%
CI, 1.52-3.48; P < .001) compared with participants without AKI. Within the population of patients
with AKI, nonresolving AKI was associated with a 51% greater risk of MAKE (95% CI, 22%-88%;
P < .001) compared with resolving AKI. The higher risk of MAKE among patients with nonresolving
AKI was explained by a higher risk of incident and progressive chronic kidney disease.

Meaning This study’s finding suggest
that the acute recovery pattern after
development of acute kidney injury
should be considered in evaluating the
risk of long-term clinical outcomes.
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CONCLUSIONS AND RELEVANCE This study suggests that the 72-hour period immediately after
AKI distinguishes the risk of clinically important kidney-specific long-term outcomes. The
identification of different AKI recovery patterns may improve patient risk stratification, facilitate
prognostic enrichment in clinical trials, and enable recognition of patients who may benefit from
nephrology consultation.
JAMA Network Open. 2020;3(4):e202682. doi:10.1001/jamanetworkopen.2020.2682
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Introduction
Acute kidney injury (AKI) is common in the hospital setting,1 costs $10 billion annually in the United
States,2 and is associated with poor long-term outcomes.3-5 Acute kidney injury is defined by the
Kidney Disease: Improving Global Outcomes (KDIGO) consensus group as an increase in the
concentration of serum creatinine (SCr) of 0.3 mg/dL or more (to convert to micromoles per liter,
multiply by 88.4) or 50% or more of the baseline within a 48-hour period or within 7 days after
hospitalization or a decrease in urine output.6 The KDIGO group classifies severity of AKI from stage
0 (no AKI) to stage 3 based on the maximum change in SCr concentration or the minimum urine
output throughout the hospital stay. However, the KDIGO definition does not stratify patients based
on differences in AKI recovery patterns. Combining patients with different AKI recovery patterns
may hide subgroups that are more tightly associated with clinical outcomes7 and may conceal unique
pathophysiological processes specific to certain populations with AKI.8-11
In AKI, it has been particularly problematic to identify reproducible subgroups with distinct
clinical outcomes. For example, clinicians have historically separated AKI into prerenal AKI and acute
tubular necrosis.12,13 However, this distinction has several limitations. First, urine microscopy to
diagnose acute tubular necrosis can be dependent on the timing of urine sample collection during the
course of AKI. Second, the sensitivity of urine microscopy may vary based on AKI risk factors.14,15
Third, the fractional excretion of sodium has poor reliability to differentiate between these 2
groups.16,17 Fourth, even with clinical adjudication by expert nephrologists, there is poor agreement
between diagnoses of acute tubular necrosis vs prerenal AKI.18 Thus, we and others have sought to
identify subgroups of patients with AKI based on kidney functional recovery after injury.19-21
The trajectory of renal dysfunction is a potentially important and clinically intuitive parameter
by which to risk stratify AKI. When stratifying AKI based on trajectory, a patient’s response to early
medical interventions is considered, and this information provided by serial measures of renal
dysfunction is used to identify AKI recovery subgroups. In addition, the trajectory is an assessment,
early after AKI diagnosis, that could be associated with therapeutic decisions in the hospital or early
after hospital discharge.
Although AKI recovery patterns stratify the risk of poor short-term outcomes,19,20 to date, it is
unknown whether these same AKI recovery subgroups differentiate the risk for long-term kidneyspecific clinical outcomes. Our primary outcome was a composite of major adverse kidney events
(MAKE), which included the development or progression of chronic kidney disease (CKD), the
initiation of long-term dialysis, or death from any cause,22 during follow-up. We hypothesized a
graded association, with nonresolving AKI having the highest risk of MAKE, then resolving AKI, and
finally participants without AKI having the least risk for MAKE. We examined this hypothesis in the
Assessment, Serial Evaluation, and Subsequent Sequelae (ASSESS-AKI) cohort, a large, multiethnic
observational cohort with a median follow-up of approximately 4.7 years.

Methods
Study Population
The ASSESS-AKI Study, sponsored by the National Institute of Diabetes and Digestive and Kidney
Diseases, is a prospective cohort study of hospitalized persons who did or did not experience an
episode of AKI and survived to complete a baseline study visit 3 months after hospital discharge.
Detailed eligibility criteria are included in the eMethods in the Supplement and have been previously
published.23 Acute kidney injury during the index hospitalization was defined using modified KDIGO
criteria6 based on an increase in SCr concentration of 50% or more or 0.3 mg/dL or more above an
outpatient, non–emergency department baseline value within 7 to 365 days before the index
admission. Study participants were then prospectively followed up and included if they survived at
least 3 months after the index hospitalization. The present study was a preplanned study of ASSESSAKI. This study followed the Strengthening the Reporting of Observational Studies in Epidemiology
JAMA Network Open. 2020;3(4):e202682. doi:10.1001/jamanetworkopen.2020.2682 (Reprinted)
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(STROBE) reporting guideline. The study was approved by the Yale University, Vanderbilt University,
Kaiser Permanente, and University of Washington Institutional Review Boards. Written informed consent
was obtained from participants.
Resolving AKI was defined as a decrease in the concentration of SCr of 0.3 mg/dL or more or
25% or more from maximum in the first 72 hours after AKI diagnosis. Nonresolving AKI was defined
as all AKI cases not meeting the definition of resolving AKI.19,20 If participants were discharged from
hospital before 72 hours after AKI diagnosis, then the last SCr measurement prior to hospital
discharge was used to determine criteria for resolving or nonresolving AKI. All participants with
resolving AKI had to have a sustained decrease in SCr concentration during the 72-hour time window.
In ASSESS-AKI, study participants with or without AKI were matched based on demographic
characteristics, hospital factors, and baseline kidney function. Further details can be found in the
eMethods in the Supplement. Matching was not completed among patients without AKI compared
with those with resolving or nonresolving AKI. Thus, patient characteristics may be unbalanced
between the resolving and nonresolving AKI groups.

Follow-up Study Visits and Ascertainment of Outcomes
Follow-up study visits were conducted 3 and 12 months after the index hospitalization and annually
thereafter (with determination of estimated glomerular filtration rate [eGFR]), with interim
telephone contacts at approximately 6-month intervals.24 Medical history, including interim
hospitalizations, and medication use were updated at each contact. Follow-up time was defined as
the difference between the event or censoring date and the 3-month visit, with outcomes censored
owing to withdrawal, loss to follow-up, or end of the study. Outcomes were ascertained through
September 1, 2018. Vital status was updated at each study contact and through medical
records review.
Our primary outcome was MAKE during a median study follow-up of 4.7 years starting at the
time of baseline study visit at 3 months after hospital discharge.22,24 We chose MAKE to account for
issues of competing risk and to use an outcome that considers the breadth of clinical outcomes after
AKI. Incident CKD among participants without preexisting CKD prior to the index hospitalization was
defined as a 25% or greater reduction in eGFR compared with the 3-month posthospitalization
measured eGFR and achieving CKD stage 3 or higher.24 Progression of CKD in participants with
preexisting CKD at the index hospitalization (preadmission eGFR, <60 mL/min/1.73 m2) was defined
as a 50% or greater reduction in eGFR compared with the 3-month posthospitalization eGFR,
reaching CKD stage 5 or receiving renal replacement therapy (long-term dialysis or kidney
transplant).

Covariates
Demographic characteristics included age, sex, and self-reported race/ethnicity (white, black, or
other) and Hispanic race/ethnicity. We recorded self-reported prior cardiovascular disease (heart
failure, myocardial infarction, stroke, or peripheral artery disease). Hypertension was based on selfreport combined with taking antihypertensive agents, or having a study visit systolic blood pressure
greater than 140 mm Hg and/or a diastolic blood pressure greater than 90 mm Hg. Diabetes (types
1 and 2) was based on self-report, receipt of antidiabetic agents, or having a glycosylated hemoglobin
level of 6.5% or greater (to convert to proportion of total hemoglobin, multiply by 0.01). Sepsis was
based on suspected infection plus the presence of at least 2 criteria of systemic inflammatory
response syndrome. Shock was defined by physician diagnosis. A serum creatinine concentration
returning to baseline was defined as the SCr measurement at hospital discharge or at 3 months being
equal to or lower than the prehospitalization SCr measurement. There were no missing data in any
of the primary exposures of interest, other key covariates, or outcomes examined.
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Statistical Analysis
Statistical analyses were completed November 1, 2018. We summarized baseline participant
characteristics across groups with no AKI, resolving AKI, and nonresolving AKI, with mean (SD) values
for continuous variables and number and percentage for categorical variables. For the primary
analysis, we used Cox proportional hazards regression together with infinitesimal jackknife SEs to
account for correlation within matched AKI and no AKI pairs.25 We evaluated the association of AKI
subgroups (resolving and nonresolving) with incident MAKE during a median of 4.7 years
(interquartile range, 3.4-5.7 years), and follow-up was censored at the end of administrative
follow-up, loss to follow-up, or death. Because matching was not completed between patients with
resolving AKI and patients with nonresolving AKI, we completed a series of a priori nested models
controlling for potential confounding factors: age, sex, black race, diabetes, CKD status,
cardiovascular disease, sepsis, center enrollment site, mechanical ventilation, diagnosed shock,
major surgery, and KDIGO stage of AKI at 72 hours after AKI diagnosis. We tested the Cox
proportional hazards regression assumption and found a statistically significant violation. In
response, we inspected the Schoenfield residuals and chose a cutoff of 3 years on the basis of when
risk seemed to differ across time; in a sensitivity analysis, we repeated the primary analysis, allowing
for differing associations during years 0 to 3 and years 3 through the end of follow-up. For all
analyses, a 2-tailed P < .05 was taken as evidence of statistical significance. All statistical analyses
were performed in R, version 3.6.0 (R Project for Statistical Computing).

Results
Participant Characteristics
Of 1538 hospitalized participants (964 men; mean [SD] age, 64.6 [12.7] years) in ASSESS-AKI, 769
(50%) had no AKI, 475 (31%) had a resolving AKI pattern, and 294 (19%) had a nonresolving AKI
pattern (Table 1). The mean (SD) maximum concentration of SCr in the first 72 hours after AKI
diagnosis was 1.1 (0.4) mg/dL in the no AKI population, 2.4 (1.5) mg/dL in the resolving AKI group, and
2.4 (1.8) mg/dL in the nonresolving AKI group. The differences in SCr concentration between patients
with resolving AKI and patiens with nonresolving AKI at baseline and within 72 hours after AKI
diagnosis were not significant. Participants with nonresolving AKI were more likely than those with
resolving AKI to be men (206 [70%] vs 313 [66%]), have diabetes (156 [53%] vs 231 [49%]), and
have preexisting CKD (120 [41%] vs 186 [39%]). In contrast, participants with resolving AKI were
more likely than those with nonresolving AKI to have sepsis (86 [18%] vs 32 [11%]) and KDIGO stage
2 AKI (87 [18%] vs 36 [12%]) or stage 3 AKI (52 [11%] vs 28 [10%]). Of the 769 patients with AKI, 566
(74%) had KDIGO stage 1 AKI.

Renal Recovery by AKI Recovery Patterns
Of the 475 participants with resolving AKI, only 257 (54%) had an SCr concentration that returned to
prehospitalization baseline (ie, full AKI recovery) at the time of hospital discharge (Table 2). By 3
months after hospitalization, slightly fewer patients (242 [51%]) had recovered to baseline kidney
function in the resolving AKI group. In contrast, a smaller percentage of the 294 participants with a
nonresolving AKI had an SCr concentration that returned to baseline at hospital discharge or 3
months after hospitalization. For example, of the participants with nonresolving AKI, only 46 (16%)
had AKI recovery by hospital discharge, and 111 (38%) had AKI recovery by 3 months after
hospitalization.

Associations of AKI Recovery Patterns With MAKE
The primary outcome of MAKE occurred in 550 (36%) of all participants in ASSESS-AKI. The
unadjusted incidence rate for MAKE was 5.9 events per 100 patient-years among participants
without AKI, 11.9 events per 100 patient-years among those with resolving AKI, and 16.6 events per
100 patient-years among those with nonresolving AKI. Kaplan-Meier estimates of the proportion of
JAMA Network Open. 2020;3(4):e202682. doi:10.1001/jamanetworkopen.2020.2682 (Reprinted)
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participants experiencing kidney-related events by AKI recovery subgroups at 4 years of follow-up is
provided in Table 3. After adjustment for baseline demographic characteristics, diabetes,
cardiovascular disease, CKD, sepsis, and site of enrollment, the adjusted hazard ratio (aHR) for MAKE
was higher in both the resolving (aHR, 1.95; 95% CI, 1.58-2.40; P < .001) and nonresolving (aHR,
2.80; 95% CI, 2.26-3.46; P < .001) AKI groups compared with hospitalized participants without AKI
(Table 4). Additional adjustment for KDIGO stage of AKI at 72 hours after AKI diagnosis, shock,

Table 1. Baseline Characteristics by AKI Recovery Patterns
Overall
(N = 1538)

Variable

No AKI
(n = 769)

Resolving AKI Nonresolving AKI
(n = 475)
(n = 294)
P valuea

Patients at center, No. (%)
Yale

308 (20)

154 (20)

75 (16)

79 (27)

Vanderbilt

502 (33)

251 (33)

151 (32)

100 (34)

Kaiser Permanente

312 (20)

156 (20)

96 (20)

60 (20)

University of Washington

.001

416 (27)

208 (27)

153 (32)

55 (19)

Age, mean (SD), y

64.6 (12.7)

65.4 (12.6)

63.2 (12.7)

64.5 (12.8)

.15

Male sex, No. (%)

964 (63)

445 (58)

313 (66)

206 (70)

.24

Black race, No. (%)

204 (13)

81 (11)

79 (17)

44 (15)

.61

BMI, mean (SD)

31.0 (7.7)

30.5 (7.0)

31.2 (8.1)

32.1 (8.7)

.16

Types 1 and 2 diabetes, No. (%)

658 (43)

271 (35)

231 (49)

156 (53)

.24

Chronic kidney disease, No. (%)

612 (40)

306 (40)

186 (39)

120 (41)

.65

History of proteinuria, No. (%)

111 (7)

35 (5)

42 (9)

34 (12)

.40

Congestive heart failure, No. (%)

327 (21)

122 (16)

120 (25)

85 (29)

.28

Sepsis, No. (%)

144 (9)

26 (3)

86 (18)

32 (11)

.007

Use of vasopressors, No. (%)

485 (32)

215 (28)

142 (30)

128 (44)

<.001

Intravenous contrast administered,
No. (%)

349 (23)

183 (24)

110 (23)

56 (19)

.21

Major surgical procedure, No. (%)

698 (45)

385 (50)

165 (35)

148 (50)

<.001

Shock, No. (%)

114 (7)

26 (3)

66 (14)

22 (7)

.007

Acute heart failure, No. (%)

76 (5)

17 (2)

34 (7)

25 (9)

.49

Mechanical ventilation, No. (%)

66 (4)

12 (2)

18 (4)

36 (12)

<.001

Acute myocardial infarction, No. (%)

51 (3)

21 (3)

20 (4)

10 (3)

.70

Baseline outpatient serum creatinine
concentration, mean (SD), mg/dL

1.2 (0.5)

1.1 (0.4)

1.2 (0.5)

1.3 (0.6)

.37

Baseline outpatient eGFR, mean (SD),
mL/min/1.73 m2

68.7 (25.0)

70.2 (24.1)

67.8 (25.7)

66.2 (26.0)

.42

Maximum serum creatinine
concentration within 72 h of AKI
diagnosis, mean (SD), mg/dL

1.7 (1.3)

1.1 (0.4)

2.4 (1.5)

2.4 (1.8)

.86

Serum creatinine concentration at
hospital discharge, mean (SD), mg/dL

1.2 (0.8)

1.0 (0.4)

0

769 (50)

769 (100)

0

0

.05

1

566 (37)

0

336 (71)

230 (78)

NA

2

123 (8)

0

87 (18)

36 (12)

NA

3

80 (5)

0

52 (11)

28 (10)

NA

5 (3-8)

4 (3-7)

6 (3-8)

8 (5-13)

<.001

1.3 (0.7)

1.7 (1.2)

<.001

Maximum KDIGO stage of AKI within
72 h after AKI diagnosis, No. (%)

Length of hospital stay, median (IQR), d

Abbreviations: AKI, acute kidney injury; BMI, body
mass index (calculated as weight in kilograms divided
by height in meters squared); eGFR, estimated
glomerular filtration rate; IQR, interquartile range;
KDIGO, Kidney Disease: Improving Global Outcomes;
NA, not applicable.
SI conversion factor: To convert to creatinine to
micromoles per liter, multiply by 88.4.
a

Comparing the outcome of AKI recovery between
patients with resolving AKI and patients with
nonresolving AKI.

Table 2. Serum Creatinine Concentration at Hospital Discharge and 3 Months After Hospitalization Stratified
by Resolving and Nonresolving AKI
AKI Recovery
Pattern

Patients with serum creatinine
concentration back to baseline
at hospital discharge, No. (%)

Resolving AKI
(n = 475)

257 (54)

Nonresolving AKI
(n = 294)

46 (16)

a

P value

Patients with serum creatinine
concentration back to baseline
3 mo after hospitalization, No. (%)

P valuea

242 (51)
<.001

111 (38)
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a

Comparing the outcome of AKI recovery between
patients with resolving AKI and patients with
nonresolving AKI.
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mechanical ventilation, and major surgery showed these associations to persist, with a higher risk of
MAKE in both the resolving (aHR, 1.52; 95% CI, 1.01-2.29; P = .04) and nonresolving (aHR 2.30; 95%
CI, 1.52-3.48; P < .001) AKI groups compared with hospitalized participants without AKI.
Within the AKI population, nonresolving AKI was associated with a 51% greater risk of MAKE
(95% CI, 22%-88%; P < .001) compared with resolving AKI (Figure; eFigure in the Supplement). The
higher risk of MAKE among patients with nonresolving AKI was due to a higher risk of incident CKD
(aHR, 2.40; 95% CI, 1.65-3.49; P < .001) and progressive CKD (aHR, 1.58; 95% CI, 0.94-2.64; P = .07)
compared with patients with resolving AKI (Figure; eTable 1 and eTable 2 in the Supplement). The
risk of incident dialysis and death among patients was not significantly different between the AKI
recovery patterns (eTable 3 and eTable 4 in the Supplement). There was no significant interaction
between preadmission CKD status and AKI recovery trajectories for the risk of MAKE; AKI recovery
subgroups were equally associated with MAKE among participants with CKD and participants
without CKD (eTable 5 in the Supplement).
In sensitivity analyses, we found that the association between AKI recovery patterns and longterm outcomes was independent of length of hospital stay, initiation of vasopressors, and SCr
concentrations at hospital discharge (eTables 6-8 in the Supplement). In a final sensitivity analysis, to
account for violation of the Cox proportional hazards regression assumption, we determined the risk
of MAKE stratified by 3 years of follow-up time. The risk of MAKE was consistently higher among
participants with nonresolving AKI before or after 3 years of follow-up time compared with
participants with no AKI or resolving AKI (eTable 9 in the Supplement).

Table 3. Percentage of Participants Experiencing Renal Outcomes at 4 Years, by KDIGO Stage of AKI and AKI Recovery Patternsa
KDIGO Stage

AKI

P valueb
Comparing AKI
recovery patterns

Outcome

No AKI

1

2

3

Resolving

Nonresolving

Comparing the trend
among KDIGO Stages

Death

12

22

22

24

22

22

.99

.73

Incidence

11

28

36

34

24

39

.22

.002

Progression

9

24

33

45

22

31

.15

.10

Dialysis

2

6

8

4

6

7

.76

.58

MAKE

20

40

49

45

39

47

.14

.03

CKD

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; KDIGO, Kidney
Disease: Improving Global Outcomes; MAKE, major adverse kidney events.
a

b

Comparing resolving with nonresolving AKI recovery subgroups or the trend among
KDIGO stages of AKI.

Kaplan-Meier estimates of the proportion of participants experiencing the renal
outcomes at 4 years.

Table 4. Association of AKI Recovery Patterns With MAKEa
Model 1b

Unadjusted

Model 2c

AKI Subgroup

No. at risk

Events, No. (%)

HR (95% CI)

P value

HR (95% CI)

P value

HR (95% CI)

P value

No AKI

769

192 (25)

1 [Reference]

NA

1 [Reference]

NA

1 [Reference]

NA
.04

Resolving AKI

475

198 (42)

2.05 (1.68-2.50)

<.001

1.95 (1.58-2.40)

<.001

1.52 (1.01-2.29)

Nonresolving AKI

294

160 (54)

2.90 (2.37-3.54)

<.001

2.80 (2.26-3.46)

<.001

2.30 (1.52-3.48)

<.001

Nonresolving AKI compared
with resolving AKI

NA

NA

1.42 (1.16-1.78)

.001

1.44 (1.16-1.78)

<.001

1.51 (1.22-1.88)

<.001

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; HR, hazard ratio;
MAKE, major adverse kidney events; NA, not applicable.
a

Composite of CKD incidence, CKD progression, dialysis, or death.

b

Adjusted for age, sex, black race, types 1 and 2 diabetes, CKD status, cardiovascular
disease, sepsis, and site of study enrollment.

c

Additionally adjusted for Kidney Disease: Improving Global Outcomes stage of AKI at
72 hours after AKI diagnosis, shock, mechanical ventilation, and major surgery.
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Discussion
A substantial body of literature demonstrates that AKI in the hospital setting is associated with risks
for early mortality, and a growing body of literature suggests that patients with AKI also experience
adverse kidney-specific long-term outcomes.4,26,27 However, AKI is common in hospitalized patients;
therefore, clinicians are faced with prioritizing resources to closely monitor patients at high risk of
CKD incidence or progression. Our report of a large, multiethnic cohort of patients hospitalized for at
least 90 days for AKI shows a higher risk for MAKE among participants with resolving or nonresolving
AKI compared with hospitalized participants without AKI. Moreover, there was a graded association,

Figure. Risk of Renal Outcomes
A Risk of MAKE

Survival probability

1.0
0.8
0.6

No AKI
Resolving AKI

0.4
0.2

Nonresolving AKI

P <.0001
0

0

2

4

6

8

145 (177)
52 (194)
17 (156)

0 (192)
0 (198)
0 (160)

Time to event, y
No. at risk (No. of events)
No AKI
Resolving AKI
Nonresolving AKI
B

769 (0)
475 (1)
294 (0)

648 (73)
329 (116)
192 (92)

447 (142)
213 (170)
124 (131)

Risk of CKD incidence

Survival probability

1.0
0.8
Resolving AKI
No AKI

0.6

Nonresolving AKI

0.4
0.2
P <.0001
0

0

2

4

6

8

112 (57)
39 (63)
9 (72)

0 (66)
0 (64)
0 (73)

Time to event, y
No. at risk (No. of events)
No AKI
Resolving AKI
Nonresolving AKI
C

463 (0)
289 (0)
174 (0)

393 (21)
202 (44)
115 (44)

286 (42)
137 (59)
74 (60)

Risk of CKD progression

Survival probability

1.0
No AKI

0.8

Resolving AKI
0.6
0.4

Nonresolving AKI

0.2
P <.0001
0

0

2

4

6

8

33 (26)
13 (37)
8 (32)

0 (27)
0 (37)
0 (33)

Time to event, y
No. at risk (No. of events)
No AKI
Resolving AKI
Nonresolving AKI

306 (0)
186 (0)
120 (0)

255 (12)
127 (22)
77 (22)

161 (23)
76 (33)
50 (31)
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A, Kaplan-Meier plot demonstrates the highest risk for
the composite outcome of major adverse kidney
events (MAKE) among participants in the group with
nonresolving acute kidney injury (AKI), with a stepwise
decrease in the risk for MAKE in the group with
resolving AKI, and then in participants without AKI.
Major adverse kidney events are defined as the
composite of chronic kidney disease (CKD) incidence,
chronic kidney disease progression, initiation of longterm dialysis, or death from any cause during study
follow-up. B, Risk of CKD incidence among patients
without CKD at baseline. C, Risk of CKD progression
among patients with CKD at baseline. The P value is a
log-rank test of the null hypothesis that the survival
distribution is the same across the no AKI, resolving
AKI, and nonresolving AKI subgroups vs a significant
difference in survival.
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with the highest risk for MAKE in the group with nonresolving AKI, followed by the group with
resolving AKI, and the least risk for MAKE among participants without AKI. Furthermore, when we
controlled for the magnitude of increased SCr concentration (eg, KDIGO AKI severity staging or SCr
concentrations at hospital discharge), the AKI recovery subgroups were still independently
associated with long-term risk of MAKE. Finally, the baseline outpatient SCr concentraton prior to
hospitalization and the maximum SCr concentration 72 hours after AKI diagnosis were not
significantly different between the resolving and nonresolving AKI groups. Thus, the maximum
increase in SCr concentration may be less important than the pattern of recovery in risk-stratified
patients with AKI for future adverse kidney outcomes.
The use of AKI recovery subgroups to risk stratify patients with AKI we believe is clinically
intuitive. The trajectory of SCr concentration incorporates serial measurements to overcome
challenges in interpreting transient increases in SCr concentration that may be due to fluid
resuscitation,28 medications,29 or brief kidney insults. Moreover, the increase in SCr concentration is
dependent on the production of creatinine from skeletal muscle. Thus, an elderly person with
minimal muscle mass but substantial kidney injury may not generate a large increase in SCr
concentration but may still have a nonresolving recovery pattern. In contrast, a young, muscular
patient with AKI from acute volume depletion may generate a large increase in SCr concentration
with a resolving recovery pattern and, in turn, have a minimal increase in long-term complications.
Thus, our results support the central hypothesis that the early recovery of the injured kidney is
associated with improved kidney-specific clinical outcomes.
The implications of this work are 2-fold. First, our findings appear to be generalizable to most
hospitalized patients who develop AKI. In epidemiologic studies, most patients who develop AKI will
have KDIGO stage 1 AKI, and in-hospital mortality is uncommon (the mortality rate is !10%).30-33
Thus, 74% of patients in ASSESS-AKI had KDIGO stage 1 AKI, and patients were included if they
survived 90 days after AKI diagnosis. We have shown that even patients with presumed mild AKI are
at high risk for poor long-term kidney outcomes. However, current practice is for only a minority of
patients with AKI to receive specialized nephrology follow-up at hospital discharge.34 One reason for
the lack of follow-up may be the high rates of AKI in the hospital setting and the difficulty in
identifying patients at highest risk for poor renal-specific outcomes. Previous studies have shown
that SCr concentration at hospital discharge is associated with the development of CKD.35 We have
now shown that prior to hospital discharge, the trajectory of SCr concentration within 72 hours after
AKI diagnosis is associated with the development and progression of CKD independent of the SCr
concentration at hospital discharge. Thus, AKI recovery subgroups could inform inpatient and
outpatient nephrology consultation. Second, to our knowledge, no safe and effective
pharmacotherapeutic strategies exist for treating AKI. One reason for the lack of therapies may be
that grouping together patients with AKI with different risks for poor long-term outcomes may
obscure a treatment signal specific to certain populations of patients with AKI.10,36 Identifying
patients with nonresolving AKI may allow for prognostic enrichment of future AKI clinical trials (ie,
selecting patients with a greater likelihood of the clinical event that the trial therapy is seeking
to prevent).

Strengths and Limitations
Our study has several strengths. First, ASSESS-AKI, a prospective study with predetermined end
points, included a large, multiethnic population of hospitalized patients with long-term follow-up.
Second, all patients included in ASSESS-AKI had a baseline SCr measurement prior to hospitalization.
Patients who present to the hospital with community-acquired AKI may be underrecognized without
a baseline SCr measurement. The benefit of prehospitalization SCr values appears to have allowed
for the accurate classification of hospitalized patients with or without AKI. Third, all patients survived
to at least 90 days after the index hospitalization. This study requirement addressed issues of
competing risk because AKI has been shown to be associated with risk of hospital mortality.19 Fourth,
physicians adjudicated clinical outcomes using rigorous consensus definitions. Fifth, our study
JAMA Network Open. 2020;3(4):e202682. doi:10.1001/jamanetworkopen.2020.2682 (Reprinted)
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outcome was the composite of kidney-specific adverse events over the study follow-up. The
composite MAKE outcome incorporates several clinically important and patient-centered outcomes
after AKI diagnosis.
The limitations of this study should be considered. First, given that this study enrolled patients
surviving for at least 90 days after hospitalization, the results may not be generalizable to a
population at high risk of inpatient death. However, the focus of this analysis was to assess the longterm implications of different AKI recovery patterns in hospitalized patients. Second, the trajectory
of the SCr concentration may be a surrogate marker for length of stay or severity of illness. Although
we attempted to correct for this possibility by adjusting for demographic characteristics, AKI risk
factors, and KDIGO stage of AKI, residual confounding may still exist. Third, we had a relatively small
number of eligible patients with KDIGO stage 2 or 3 AKI, so our results may not be fully generalizable
to all such patients.

Conclusions
We defined 2 AKI recovery subgroups (resolving and nonresolving) that exhibited differences
regarding risk for long-term kidney-specific outcomes after hospitalization. In the future, AKI
recovery subgroups may allow for improved risk stratification, facilitate prognostic enrichment of AKI
clinical trials, and assist in targeting resources for follow-up and early detection of CKD in high-risk
populations with AKI.
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