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Abstract
Purpose of review—Expanding rates of acute kidney injury (AKI) coupled with increasing
awareness of its short and long-term sequelae have focused efforts to identify patients at risk for
developing this disease and its complications. This review details recent attempts to identify novel
risk factors for AKI, describe further refinements in the diagnostic and prognostic approach to this
disease using biological markers of injury, and highlights features of AKI that independently
predict poor long-term outcomes.

Recent Findings—The presence of proteinuria predicts the development of AKI independently
of glomerular filtration rate (eGFR). Initial results from a large prospective study of AKI
biomarkers in cardiac surgery indicate lower agreement with serum creatinine as an AKI standard
than observed in early studies. AKI severity and duration are important predictors of chronic
kidney disease (CKD) and long-term mortality. A minority of patients surviving AKI with
decreased kidney function is seen by a nephrologist.

Summary—While the pathophysiologic link unclear, proteinuria is an easily measurable risk
factor for AKI worth considering before anticipated procedures or medication exposures with
nephrologic risk. Investigation extending beyond agreement with serum creatinine is needed to
fully understand the diagnostic and prognostic value of AKI biomarkers. Severity and duration are
components of AKI that can help risk-stratify survivors in need of monitoring or nephrology
referral.
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Introduction
Acute Kidney Injury (AKI) is an increasingly common disease that strongly associates with
poor short- and long-term morbidity and mortality.[1-8] Disappointingly, only marginal
improvements in the survival have been observed with little evidence supporting the use of
tested pharmacotherapies in established disease.[9-11] With recent well-executed trials also
indicating a therapeutic ceiling in conventional renal replacement therapies may have been
achieved,[12-14] emphasis on developing strategies to prevent AKI and its long-term
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consequences has grown. In this review, we discuss recent additions to the AKI literature
focusing on novel risk factors for developing AKI, ongoing efforts to refine the diagnostic
and prognostic approach to this disease with emerging biomarkers of injury, and attempts to
better identify survivors at risk for poor longitudinal outcomes.

New risk factors for AKI
As the incidence of AKI increases,[1, 2] attempts to identify those at risk for its
development and complications continue. Previous work has consistently uncovered several
risk factors across different clinical settings including the presence of advanced age,
diabetes, male gender, African American race, and factors related to the underlying
procedure or illness. Among the most potent appears to be the presence of underlying kidney
dysfunction as defined by clearance.[15] For example, Pannu recently confirmed earlier
findings by Hsu[15] describing a robust step-wise increase in the risk for severe AKI with an
advancing CKD stage (adjusted Odds Ratio (OR) 18.3 (95% CI, 16.5-20.3)) relative to those
with preserved eGFR in a population-based setting.[16**]

Recent efforts to add to these data have quantified the risk of AKI conferred by the presence
of underlying proteinuria as recently reviewed by Hsu.[17-19**] Huang add to these data by
demonstrating that preoperative proteinuria assessed by simple dipstick measurement was
independently associated with the risk of developing AKI following cardiac surgery even
after adjusting for underlying CKD stage and diabetes.[20] Collectively, these findings
argue against the notion that associations between higher serum creatinine values and the
risk for AKI may be confounded by the effects of ascertainment bias when using a fixed
changes in serum creatinine to define AKI.[21] As proteinuria itself is not a component of
the definition, these studies reinforce the link between underlying structural damage and the
risk for adverse renal events and uncover an easily detectable risk factor not routinely
measured before procedures or exposures carrying intrinsic risk for renal injury. They also
highlight the need to determine the pathophysiologic link between AKI and proteinuria and
the extent to which the latter is truly modifiable.

Refining the Diagnostic Approach to AKI
While modern consensus criteria have helped standardize the approach to the diagnosis and
staging of AKI,[22, 23] the use of incrementally smaller changes in serum creatinine carry
inherent specificity limitations and place a premium on the accurate determination of
baseline kidney function. The lack of a uniform approach to the latter has recently been
shown to compound the risk for AKI misclassification, hindering effective comparisons of
this disease between settings.[24-26*] Adding to the uncertainty is the identification of
additional confounders including fluid balance. In a post-hoc analysis of the NHLBI-
sponsored Fluid and Catheter Treatment Trial (FACTT),[27**] Liu et al. examined the
occurrence of AKI in 1000 critically ill patients with the Acute Respiratory Distress
Syndrome randomized to a fluid conservative versus fluid liberal management strategy.
After adjusting serum creatinine measurements for fluid balance, notable increases in the
incidence of AKI were noted in each study arm [(conservative, 57% vs. 51%, p=0.04)
(liberal 66% vs. 58%, p=0.007)]. Comparable mortality rates between those patients in
whom the AKI diagnosis was “masked” versus those with known AKI before fluid
correction were also observed (31% vs. 38%, p=0.18). These findings suggest that in
addition to being an important prognostic factor,[28, 29*] variations in fluid balance can
cause the diagnosis of AKI to be missed or delayed in high-risk patients when using serum
creatinine-based definitions alone. As further iterations of these definitions are refined, these
limitations continue to underscore the need to effectively segregate evolving aspects of
injury from changes in function.
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Towards that end, the emerging story of biological markers of AKI continues to unfold with
initial reports from large prospective cohorts (Table 1) assembled to address earlier study
limitations of size, generalizability, and a paucity of hard end points. The most notable of
these include the initial publications from the NHLBI-sponsored Translational Research
Investigating Biomarker Endpoints in AKI (TRIBE-AKI) consortium,[30, 31**] a
multicenter prospective study of 1219 adults and 311 children undergoing cardiac surgery in
the United States and Canada. The primary goal of these studies was to determine if
perioperative levels of urine and plasma neutrophil gelatinase-associated lipocalin (u,p
NGAL) and Interleukin-18 (u,p IL-18) could predict a doubling of baseline serum
creatinine, the need for acute dialysis, or other important endpoints. Surprisingly, in contrast
to earlier smaller studies, diagnostic testing revealed only moderate performance when
added to a clinical model for diagnosing a composite outcome of doubling of baseline serum
creatinine levels or dialysis in the adult study with AUCs of 0.67 (p=0.12) and 0.70 (p=0.01)
for uNGAL and pNGAL, respectively, and 0.74 (p=0.03) for uIL-18. Individual
performance of each biomarker within the pediatric study was substantially less robust than
earlier reports with AUCs for uNGAL and pNGAL of 0.71 (95%CI: 0.63-0.79) and 0.56
(0.46-0.66), respectively and 0.64 (95% CI: 0.58-0.70) for uIL-18. However, after
adjustment for demographic and intraoperative risk factors, adult patients within the highest
quintile of post-operative pNGAL and uIL-18 levels were still found to have between a 5 to
7 fold incremental risk for developing severe AKI when compared to those in the lowest
quintile, with uNGAL not showing a statistically significant association. In pediatric
patients, the highest quintile of uNGAL and uIL-18 levels conferred an approximate 4-7 fold
incremental risk relative to the lowest quintile with pNGAL not demonstrating a significant
association. Net Reclassification index (NRI), which quantifies the global ability of
biomarkers to correctly reclassify individuals with and without severe AKI to their
respective higher or lower risk categories beyond a clinical model, indicated a 22-25%
improvement in overall reclassification for uIL-18 in both studies, a 14-17% improvement
for urine and plasma NGAL in the pediatric study, and an 18% improvement for pNGAL in
the adult study.

Given its known limitations, extending examination beyond whether these markers agree
with creatinine will be necessary to determine their additional clinical usefulness. In the
TRIBE-AKI studies, all biomarkers demonstrated a significant ability to predict harder
clinical endpoints including survival and duration of care beyond conventional clinical
parameters. More recently, Haase et al.[32**] examined pooled data from several
prospective NGAL studies to determine the prognosis of patients grouped according to
agreement between biomarker and creatinine levels regarding AKI status. Not surprisingly,
the patients at lowest and highest risk for dialysis or mortality were those in whom both
NGAL and creatinine data were both either depressed or elevated, respectively (Figure 1).
However, patients in whom NGAL levels were alone (NGAL+/Creatinine-) were observed
to be at higher risk for dialysis initiation than their NGAL negative counterparts (NGAL-/
Creatinine-). These same patients (NGAL+/Creatinine-) were also at higher risk for
mortality than among those in whom creatinine levels indicated injury but NGAL levels
were not elevated (NGAL-/Creatinine +). While limited by the use of pooled data, these
findings support the hypothesis that novel biomarkers are providing valuable prognostic
information beyond changes in creatinine alone. Numerous efforts to determine the clinical
usefulness of these new markers for helping to detect AKI, provide prognostic information,
determine recovery, and predict long-term outcomes are ongoing.

Long-Term Outcomes and Care Processes in Survivors of AKI
Observations indicating steady increases in AKI incidence[1, 2] coupled with potential
improvements in short-term survival[9, 42] have implied a growing population of AKI
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survivors. While the reasons for the growth in AKI rates are not clear, contributions from
parallel increases in the rates of sepsis, CKD, and the advancing age of the population are
likely contributors.[43-45] The result has been increased focus on the long-term sequelae of
this disease and its potential public health implications. Several large observational studies
have already established the association between AKI and the subsequent risk for long-term
mortality and decline in renal function.[46-48]

Building upon this emerging body of literature, recent efforts have focused on isolating
individual factors that confer higher risk for developing CKD and its complications. A pair
of recent studies performed within the Department of Veterans Affairs Healthcare System
explored the association between indices of AKI severity and the risk for subsequent
development of CKD and mortality. Chawla et al.[49*] developed risk stratification tools
that predicted the development of stage IV CKD in 5351 patients with a primary discharge
diagnosis of AKI and cross-validated them in 11,589 patients admitted for myocardial
infarction or pneumonia. All models performed well (AUCs ≥ 0.81) with the model most
easily implemented including age, baseline kidney function, time at risk, AKI severity, and
serum albumin levels. Within this model, incremental increases in RIFLE stage (adjusted
OR 4.43) and the need for dialysis (adjusted OR 53.18) were the most potent independent
predictors of stage IV CKD during 5-year follow-up period.

Another recent study retrospectively examined if the magnitude of post-operative changes in
serum creatinine independently predicted the development and progression of CKD or
mortality in 29,388 patients undergoing cardiac surgery.[50**] Approximately 70% of
patients were without evidence of impaired kidney function at baseline (eGFR < 60 ml/min/
1.73 m2) with an overall modest distribution of AKI severity (>90% experiencing less than a
doubling of serum creatinine). Even within this milder AKI phenotype, a monotonic relation
was observed between incrementally worse injury (<25%, 25-49%, 50-99%, >100%
increases in serum creatinine) and the risk for incident CKD (adjusted hazard ratios (aHRs),
2.1, 4.0, 5.5, and 6.6, respectively, p<0.01), progression of CKD stage in those with pre-
existing kidney dysfunction (aHRs 2.5, 3.8, 4.4, 8.0, p<0.01), and mortality (aHRs 1.4, 1.9.
2.8, and 5.0, p<0.01) at 3 months. The risks observed attenuated modestly over time but
persisted up to at least 5 years following surgery.

Another potential harbinger of injury severity not captured in current definitions of AKI is
the duration of injury. Two recent studies in surgical patients examined the persistence of
injury as an added dimension in predicting poor outcomes among AKI survivors.
Coca[51**] examined how the duration of injury (≤2 days, 3-6 days, ≥7 days) added
incremental value to AKI Network stages in predicting long-term mortality (median follow-
up 3.7 years) in 35,302 diabetic Veterans undergoing non-cardiac surgery. While confirming
earlier associations between AKIN stage and long-term mortality risk, the investigators
results were driven by the subgroup of patients with the longest duration of injury. (Figure
2) A dose-dependent increase in the risk for mortality with longer injury duration was
observed and often provided more prognostic information than AKIN stage alone. For
example, extended duration with mild injury (AKIN Stage 1) conferred a nearly 2-fold
higher risk for mortality than in those with severe (AKIN Stage 3) injury but of short
duration (≤2 days). A subsequent study using identical duration cutoffs was performed in a
cohort of 4,987 cardiac surgery patients in the northeastern United States.[52**] Similar
incremental risk for long-term mortality was observed with increasing duration of injury.
Whether duration may be a surrogate indication of the nature or extent of parenchymal
injury or add to conventional real-time risk stratification tools (e.g. urine sediment or sodium
retention) is unclear. However, these data suggest it as an important component of injury
worth incorporating into future AKI classification scheme iterations.
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The majority of studies examining the longitudinal effects of AKI have compared patients
with an isolated episode of AKI during hospitalization to those without a concomitant event.
However, few have considered the risk conferred by multiple AKI events. Thakar [53**]
recently followed a high-risk cohort of 3,679 diabetic patients, 62% with baseline
proteinuria, within an integrated health care system for the development of stage IV CKD
over a mean of 5 years. Despite overall preserved baseline kidney function (mean eGFR 81
+/- 26 ml/min/1.73 m2), fourteen percent of the population experienced an AKI event with
nearly one-third of this group experiencing multiple events. Patients experiencing an AKI
event were twice more likely to reach stage IV CKD than those who did not (24.6% versus
12.9%, p<0.01). Multivariate Cox regression analysis identified the presence of any AKI to
be associated with an aHR of 3.5 (95% CI: 2.7-4.6) with each subsequent episode of AKI
further doubling that risk (HR 2.02: 95% CI: 1.78-2.30). In addition to confirming earlier
associations between prior AKI and future CKD, these findings suggest that AKI often
begets further AKI and uncover a potential limitation of current study designs that restrict
ascertainment of AKI or non-AKI status to a single time point.

As the interaction between AKI and CKD becomes clearer, improved understanding of how
to optimally care for this growing population will be needed. One potential quality indicator
for high-risk patients following AKI is the rate of nephrology referral. We examined the
likelihood of nephrology referral among 3,929 survivors of AKI whose last eGFR was < 60
ml/min/1.73 m2 30 days following peak injury in a United States Department of Veterans
Affairs database.[54**] Time to nephrology referral was determined over the subsequent 12-
month period treating improvement in kidney function, dialysis initiation, and death as
competing risks. Overall mortality during the surveillance period was 22%. The cumulative
incidence of nephrology referral before dying, initiating dialysis, or experiencing an
improvement in kidney function was 8.5% (95% CI: 7.6-9.4) within the entire cohort.
(Figure 3) The absolute referral rate among the subgroup of survivors at 12 months who
neither improved kidney function nor initiated dialysis was only 19%. These data suggest
only a minority of at-risk survivors following AKI is seen by a nephrologist. Of note, a
substantial proportion of patients in this study (44%) experienced improvements in eGFR to
> 60 ml/min/1.73 m2 by the end of the surveillance period. Taken together, these data
highlight the need for detailed prospective studies that can identify survivors at highest risk
following AKI, examines the potential benefit of nephrology referral, and the optimal
patient care models to meet this need.

Conclusion
In summary, steady increases in the observed rate of AKI coupled with increasing awareness
of its association with poor short- and long-term outcomes has driven efforts to better
determine those at highest risk. Recent work has helped to reinforce the link between CKD
as a risk factor for AKI by uncovering proteinuria as a novel risk factor not routinely
assessed, further examined the ability of novel markers of injury to provide important
diagnostic and prognostic information beyond creatinine alone in larger, more adequately
phenotyped cohorts, and identified potent predictors of the long-term complications of AKI
and potential opportunities to improve care of this population.
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Key Points

• Baseline proteinuria is an easily measurable risk factor for the development of
AKI.

• Early results from larger multicenter studies investigating the diagnostic role of
novel AKI biomarkers have been less robust agreement with creatinine-defined
AKI than in earlier studies.

• Further research that extends beyond how much AKI biomarkers markers agree
with serum creatinine is desperately needed to determine their clinical utility.

• There is a growing population of AKI survivors at risk for the development of
CKD and its complications.

• AKI severity and duration are important determinants of poor long-term
outcome and can help stratify those that may benefit from closer monitoring or
nephrology referral.
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Figure 1. Incidence of Renal-related Events Grouped by Biomarker and Creatinine Status
(previously published).[32] Haase, et al. using pooled data from 10 prospective
observational studies of AKI, examined how different NGAL and creatinine profiles
associated with the risk for in-hospital mortality and the need for renal replacement therapy
in 2,322 critically ill patients. A stepwise increase in the risk of subsequent renal
replacement therapy was observed -NGAL(−)/sCREA(−): 0.0015% versus NGAL(+)/
sCREA(−): 2.5% (odds ratio: 16.4, 95% confidence interval: 3.6 to 76.9, p < 0.001),
NGAL(−)/sCREA(+): 7.5%, and NGAL(+)/sCREA(+): 8.0%, respectively. Similar trends
were findings were observed with hospital mortality (4.8%, 12.4%, 8.4%, 14.7%,
respectively) and their combination (4-group comparisons: all p<0.001).
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Figure 2. Longitudinal Mortality Rates by Magnitude and Duration of AKI
(previously published).[51] Coca, et al. examined the relationship between duration and
magnitude of AKI in 35,302 diabetic patients following cardiac surgery and long-term
survival. No increase in mortality rate was observed with increasing AKI severity of short or
medium duration. However, the mortality rate increased by duration of AKI within each
AKIN stage. The mortality rate for those with AKIN Stage 1 and long duration of AKI is
more than 2-fold higher than for those with AKIN Stage 3 and short duration of AKI.[51]
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Figure 3. Cumulative Incidences of Nephrology Referral, Dialysis Initiation, Improvement in
Kidney Function, and Death Analyzed as Competing Risks
(previously published).[54] Siew, et al. examined outpatient nephrology referrals among
3929 survivors of AKI whose last eGFR up to 30 days following peak injury was < 60 ml/
min/1.73 m2 in a multi-center Veterans Affairs Cohort. Cumulative incidences of the
prespecified outcomes as competing risks during the 12-month surveillance period (30-395
days following peak injury) are shown. Beginning at 30 days following peak injury, the
cumulative incidences of first improving kidney function to an eGFR >60 ml/min/1.73 m2,
dying, being referred to nephrology or receiving dialysis were 44.0% (95% CI: 42.4-45.5),
11.5% (95% CI: 10.5-12.5), 8.5% (95% CI: 7.6-9.4), and 0.2% (95% CI: 0.1-0.4),
respectively.
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