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Abstract
The diagnosis of acute kidney injury (AKI) is usually based on measurements of blood urea
nitrogen (BUN) and serum creatinine. BUN and serum creatinine are not very sensitive or specific
for the diagnosis of AKI because they are affected by many renal and nonrenal factors that are
independent of kidney injury or kidney function. Biomarkers of AKI that are made predominantly
by the injured kidney have been discovered in preclinical studies. In clinical studies of patients
with AKI, some of these biomarkers (eg, interleukin-18, neutrophil gelatinase-associated lipocalin,
and kidney injury molecule-1) have been shown to increase in the urine before the increase in
serum creatinine. These early biomarkers of AKI are being tested in different types of AKI and in
larger clinical studies. Biomarkers of AKI may also predict long-term kidney outcomes and
mortality.

Keywords
Biomarkers; Acute kidney injury; Interleukin-18; Neutrophil gelatinase-associated lipocalin;
Kidney injury molecule-1; Cystatin C

Acute kidney injury (AKI) has been defined conceptually as a rapid decline in glomerular
filtration rate (GFR) that occurs over hours or days.1,2 The recently developed RIFLE
criteria (Risk of renal dysfunction, Injury to the kidney, Failure of kidney function, Loss of
kidney function, and End-stage renal disease) have attempted to simplify the clinical
definition and classification of AKI.2,3 The RIFLE criteria are discussed in detail in the
section on “AKI: New Definitions, New Paradigms.” The different definitions of AKI have
hampered determination of the precise epidemiology of AKI.

AKI is common, and the absolute incidence of AKI has increased.4,5 Community-acquired
AKI has been reported to account for 1% of hospital admissions in the United States. The
incidence of hospital-acquired AKI is more than that of community-acquired AKI and
ranges from 0.15% to 7.2% depending on the study and definition.5 In the intensive care unit
(ICU), between 5% and 20% of critically ill patients have an episode of AKI. Up to 4.9% of
critically ill patients in the ICU will require renal replacement therapy. The commonest
cause of AKI in the ICU is septic shock.

Serum creatinine and blood urea nitrogen (BUN) have typically been used to diagnose AKI.
Serum creatinine is dependent on nonrenal factors independent of kidney function (eg, age,
sex, race, muscle mass, nutritional status, infection, and volume of distribution6,7). Several
medications (eg, trimethoprim, cimetidine, and salicylates) alter the tubular secretion of
creatinine, leading to changes in serum creatinine independent of GFR.6,7 In addition, serum
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creatinine is not sensitive to the loss of kidney reserve as evidenced by the small change in
serum creatinine after kidney donation.8 BUN is also suboptimal for the diagnosis of AKI.
BUN is dependent on nonrenal factors independent of kidney function (eg, production and
renal tubular handling, protein intake, catabolic state, upper gastrointestinal bleeding,
volume status, and therapy with high-dose steroids).6,9–11

Although the mortality in patients with AKI may have declined between 1988 and 2002,4
the mortality of AKI in the ICU remains high.5 A majority of interventional trials in AKI
(eg, furosemide,12 dopamine and furosemide,13 anaratide,14,15 insulin-like growth
factor-1,16 and fenoldopam17) have failed in humans. A possible reason for the failure of
interventional trials in AKI is the dependence on serum creatinine and BUN to diagnose
AKI. Alterations in serum creatinine may lag several days behind actual changes in GFR.
7,18 BUN may not be a true reflection of kidney function (eg, in patients with end-stage liver
disease).

A biomarker that is released into the blood or urine by the injured kidney and is analogous to
the troponin release by injured myocardial cells after myocardial ischemia, may be a more
sensitive and specific marker of AKI than BUN and serum creatinine. In addition, earlier
detection of AKI with a kidney specific biomarker may result in earlier nephrology
consultation, more optimal dosing of antibiotics, avoidance of nephrotoxic agents and even
earlier specific therapies to repair the damaged kidney. An ideal biomarker of AKI would
allow the early detection of kidney injury before an increase in serum creatinine and/or
BUN; would differentiate acute tubular necrosis (ATN) from acute glomerulonephritis or
acute interstitial nephritis; would be able to monitor the effects of an intervention or
treatment; and would predict the need for dialysis, mortality, and long-term kidney outcome.

The criteria for an ideal protein biomarker for AKI would include the following: (1) a
molecule that is easy to measure in blood or urine, (2) a molecule that is stable in body
fluids, and (3) a molecule that is specifically made by the kidney especially if it is produced
at the site of injury (eg, the proximal tubule).

Many biomarkers have been studied in animal models of AKI and in humans and are listed
in Table 1. For the purposes of the current review, the following biomarkers will be
reviewed in detail: (1) interleukin-18 (IL-18); (2) neutrophil gelatinase-associated lipocalin
(NGAL); (3) kidney injury molecule-1 (KIM-1); (4) tubular brush border enzymes; and (5)
cystatin C, a marker of GFR rather than of AKI.

For each biomarker, the different phases of development will be discussed: (1) preclinical
studies, (2) clinical studies of validation of established disease, and (3) studies determining
if the biomarker detects disease before the rise in serum creatinine.

IL-18
Caspase-1 (previously known as interleukin-1β–converting enzyme) plays a major role in
the activation of the proinflammatory cytokines IL-1β and IL-18.19 Caspase-1–deficient
mice developed less ischemic AKI as judged by kidney function and kidney histology than
wild-type mice.20 Because IL-1β does not play an injurious role in ischemic AKI in mice,21

a lack of the active form of IL-18 was investigated as a possible mechanism of the
protection against AKI in caspase-1–deficient mice. IL-18 is involved in diverse functions
including inflammation (innate immunity), ischemic tissue injury, and T-cell–mediated
immunity. IL-18 plays an important role in the activation of macrophages and natural killer
cells.22 IL-18 is a mediator of ischemic tissue injury in the heart23 and brain.24 The
neutralization of IL-18 has potential therapeutic effects. Blockade of IL-18 using
neutralizing antibodies,25 exogenous IL-18–binding protein (IL-18 BP),26 or caspase-1
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inhibition27 protects mice from liver necrosis. Exogenously administered recombinant
human IL-18BP is therapeutically effective in a mouse model of collagen-induced arthritis.
28 IL-18BP reduces ischemic dysfunction in a suprafused human atrial myocardium model.
29 Strategies to block IL-18 using IL-18BP are underway in clinical trials of rheumatoid
arthritis.30

Thus, we determined whether caspase-1–mediated production of IL-18 played a role in
ischemic AKI. In an electrochemiluminescence assay of whole kidney, IL-18 was more than
100% increased in wild-type AKI as compared with sham-operated controls. On
immunoblot analysis, there was a conversion of the precursor to the active form of IL-18 in
AKI wild-type mice but not in the caspase-1–deficient AKI mice and sham-operated
controls. To prove that IL-18 plays an injurious role in ischemic AKI, wild-type mice were
injected with rabbit antimurine IL-18 neutralizing antiserum before the ischemic insult.
These mice were protected against AKI to a similar degree as caspase-1–deficient mice. The
conclusion of this and other studies was that IL-18 is a mediator of ischemic AKI in mice.
20,31 Immunohistochemistry of mouse kidneys showed an increase in IL-18 protein in
injured tubular epithelial cells in AKI kidneys compared with normal controls. Urine IL-18
was increased in mice with ischemic AKI compared with sham-operated mice.20

Immunohistochemistry of human kidneys with AKI showed an increase of IL-18 in the
tubules compared with normal control kidneys. Thus, we developed the hypothesis that
IL-18 could be released from the injured tubular epithelial cells into the urine and serve as a
urinary biomarker of AKI in humans.

Subsequent studies in humans showed that urine IL-18 is an early predictive biomarker of
AKI.32 Urine IL-18 was measured in 72 patients and was significantly increased in patients
with ATN versus normal controls, prerenal azotemia, urinary tract infection, chronic renal
insufficiency, and nephrotic syndrome. Median urinary IL-18 concentration, measured in the
first 24 hours after kidney transplantation, was higher in patients who received a cadaveric
kidney that developed delayed graft function compared with patients who received a
cadaveric kidney with prompt graft function and in patients who received a kidney with
prompt graft function from a living donor. In the kidney-transplant patients, lower levels of
urinary IL-18 were associated with a steeper decline in serum creatinine concentration over
postoperative days 0 to 4.33 This study in humans showed the association of urine IL-18
with established tubular damage and formed the basis for examining urine IL-18 more
extensively.

A nested case-control study within the Acute Respiratory Distress Syndrome Network Trial
was performed to determine whether urinary IL-18 is an early diagnostic marker for AKI in
critically ill patients in the ICU. On multivariable analysis, urine IL-18 values predicted
development of AKI (defined as a 50% increase in serum creatinine) 24 and 48 hours later.
On diagnostic performance testing, urine IL-18 showed an area under the receiver-operated
characteristic (ROC) curve of 73% to predict AKI in the next 24 hours. The presence of
sepsis in both control and AKI patients did not have a significant effect on urinary IL-18. On
multivariable analysis, the urine IL-18 value on the day of initiation of mechanical
ventilation for ARDS was a strong predictor of mortality.34

AKI is a frequent complication of cardiopulmonary bypass (CPB). We tested whether IL-18
is a predictive biomarker for AKI in children after CPB. Using serum creatinine, AKI was
detected only 48 to 72 hours after CPB. In contrast, urine IL-18 increased at 4 to 6 hours
after CPB, peaked at over 25-fold at 12 hours, and remained markedly elevated up to 48
hours after CPB. Our results indicate that IL-18 is an early, predictive biomarker of AKI
after CPB.35 On multivariate analysis, urine IL-18 was independently associated with
number of days in AKI among cases, suggesting that it may be a marker of AKI severity.35
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Delayed graft function (DGF) because of tubule cell injury frequently complicates deceased
donor kidney transplants. We showed that urine NGAL and IL-18 represent early, predictive
biomarkers of DGF. In patients with DGF, peak postoperative serum creatinine requiring
dialysis typically occurred 2 to 4 days after transplant. Urine NGAL and IL-18 values were
maximally elevated in the first 24 hours after transplant in patients with DGF. The ROC
curve for prediction of DGF based on urine NGAL or IL-18 in the first 24 hours after
transplant showed an area under the curve of 0.9 for both biomarkers. By multivariate
analysis, both urine NGAL and IL-18 on day 0 predicted the trend in serum creatinine in the
posttransplant period.36

We studied critically ill children to determine whether urinary IL-18 was an early predictor
of AKI. One-hundred thirty-seven children with an average age of 6.5 years (53% male)
were studied. The peak levels of IL-18 correlated with the severity of AKI by the pediatric
RIFLE (pRIFLE) classification. In nonseptic AKI patients, urinary IL-18 rose to higher
levels than control levels 2 days prior than a significant rise in serum creatinine. Urinary
IL-18 was associated with mortality (odds ratio = 1.29, P < .05). Urinary IL-18 was
increased in patients with sepsis. In conclusion, urinary IL-18 rises before serum creatinine
in nonseptic critically ill children, predicts severity of AKI, and is an independent predictor
of mortality.37

In summary, the proinflammatory cytokine IL-18 is both a mediator and a biomarker of
ischemic AKI as evidenced by the following: (1) IL-18 expression increases in the kidney in
AKI, (2) inhibition of IL-18 is protective against AKI in mice, and (3) IL-18 increases in the
urine in both mice and humans with AKI.

IL-18 may be increased in other diseases besides ischemic AKI. In patients with acute
kidney allograft rejection, there were higher levels of IL-18 messenger RNA in the kidney
compared with patients without rejection.38 In patients with minimal-change nephrotic
syndrome, urine IL-18 was significantly increased compared with control patients with
immunoglobulin A nephropathy. In addition, urine IL-18 levels correlated with proteinuria
and disease activity.39 In a nested case-control study of 15 patients with contrast-induced
nephropathy and 36 matched controls, urinary IL-18 was measured before as well as 24 and
72 hours after cardiac catheterization. No statistically significant differences in urine IL-18
were detected between cases and controls or between the patient samples obtained before
and after the cardiac catheterization.40

NGAL
NGAL is a 21-kd protein of the lipocalin superfamily. NGAL is a critical component of
innate immunity to bacterial infection and is expressed by immune cells, hepatocytes, and
renal tubular cells in various disease states.41 NGAL is a small secreted polypeptide that is
protease resistant and thus may be easily detected in the urine.

NGAL protein increases massively in the kidney and in the first urine output in early
ischemic AKI in rats and mice.42 The appearance of NGAL in the urine preceded the
appearance of other urinary markers such as N-acetyl-beta-D-glucosaminidase and beta2-
microglobulin. The origin of NGAL from tubule cells was confirmed in cultured human
proximal tubule cells subjected to in vitro ischemic injury. NGAL was also detected in the
urine of mice in the early stage of cisplatin-induced nephrotoxicity.43 These studies show
that NGAL may represent an early, sensitive, noninvasive urinary biomarker for ischemic
and nephrotoxic kidney injury.

Urinary and serum NGAL represent sensitive, specific, and highly predictive early
biomarkers of AKI in children after cardiac surgery.44 Seventy-one children undergoing
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CPB were studied. Serial urine and blood samples were analyzed by Western blots and
enzyme-linked immunosorbent assay for NGAL expression. Diagnosis of AKI, defined as a
50% increase in serum creatinine from baseline, developed 1 to 3 days after CPB. In
contrast, urinary NGAL rose significantly at 2 hours after CPB. By multivariate analysis, the
urinary NGAL at 2 hours after CPB was the most powerful independent predictor of AKI. In
addition, 2-hour postoperative plasma NGAL levels strongly correlated with change in
creatinine, duration of AKI, length of hospital stay, and mortality after CPB.45

Urinary NGAL is also an early biomarker of AKI in adults after cardiac surgery.46 Eighty-
one cardiac surgery patients were prospectively studied. Urine samples were collected
immediately preoperatively and at various time intervals after surgery for NGAL. Mean
urinary NGAL concentrations in patients who developed AKI were significantly higher
early after surgery and remained significantly higher at 3 and 18 hours after cardiac surgery
compared with patients who did not develop AKI.

NGAL may also represent an early sensitive biomarker of AKI after contrast administration
for percutaneous coronary interven-tions (PCIs).47 NGAL was measured in the serum and
urine before and 2, 4, 12, 24, and 48 hours after PCI. There was a significant rise in serum
NGAL 2 and 4 hours after PCI and a rise in urinary NGAL 4 and 12 hours after PCI. In
multivariate analysis, serum creatinine was the only predictor of serum NGAL.

Urine NGAL is an early biomarker of AKI in critically ill children aged between 1 month
and 21 years who were mechanically ventilated.48 A total of 140 patients were studied.
Mean and peak urine NGAL concentrations increased with worsening pRIFLEmax status.
Urine NGAL concentrations rose in AKI 2 days before and after a 50% or greater rise in
serum creatinine. Urine NGAL was a good diagnostic marker for AKI development (area
under the ROC curve of 0.78) and persistence of AKI for 48 hours or longer (area under the
ROC curve of 0.79) but not for AKI severity when it was recorded after a rise in serum
creatinine had occurred (area under the ROC curve of 0.63).

NGAL is an early predictive biomarker of contrast-induced nephropathy (CIN) in children.
49 Ninety-one children (age 0–18 years) with congenital heart disease undergoing elective
cardiac catheterization and angiography with contrast administration were studied. CIN,
defined as a 50% increase in serum creatinine from baseline, was found in 11 subjects
(12%). A significant elevation of NGAL concentrations in urine and plasma was noted
within 2 hours after cardiac catheterization. In contrast, detection of CIN by an increase in
serum creatinine was only possible 6 to 24 hours after cardiac catheterization. By
multivariate analysis, the 2-hour NGAL concentrations in the urine and plasma, but not
patient demographics or contrast volume, were found to be powerful independent predictors
of CIN.

NGAL is also increased in other conditions besides ischemic AKI. Serum and urine NGAL
levels were increased in 26 patients with autosomal dominant polycystic kidney disease, and
a significant correlation was found between urine and plasma NGAL levels and residual
kidney function.50 In a study of 34 children with diarrhea-associated hemolytic uremic
syndrome, the majority of patients with hemolytic uremic syndrome had renal tubular
epithelial injury as evidenced by elevated urinary NGAL, which was associated with higher
BUN and serum creatinine concentrations, and more frequent need for dialysis.51 In a study
of 85 patients, urinary NGAL, but not plasma NGAL, was found to be a biomarker of
activity in lupus nephritis.52
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KIM-1
KIM-1 is a putative epithelial cell adhesion molecule containing a novel immunoglobulin
domain. KIM-1 messenger RNA and protein are expressed at a low level in normal kidney
but are increased dramatically in postischemic kidney.53

Urinary KIM-1 is a noninvasive, rapid, sensitive, and reproducible biomarker for the early
detection of both cisplatin-induced AKI and ischemic AKI in rats.54 In this study, a
sandwich KIM-1 enzyme-linked immunosorbent assay test was used. At 1 day after cisplatin
administration, there was a 3- to 5-fold increase in the urinary KIM-1 compared with plasma
creatinine, BUN, urinary N-acetyl-beta-glucosaminidase (NAG), glycosuria, and proteinuria
that were not increased in the urine. At 24 hours of postischemic reperfusion after 10
minutes of bilateral renal pedicle clamping, KIM-1 levels were 10-fold higher than control
levels, and plasma creatinine and BUN, glycosuria, proteinuria, and urinary NAG levels
were not yet increased. Thus, in preclinical studies, urinary NGAL and urinary KIM-1 are
early biomarkers of AKI in mice.

KIM-1 is also a tissue and urinary biomarker for nephrotoxicant-induced kidney injury.
Tissue and urinary expression were measured with 3 different nephrotoxins in the rat: S-
(1,1,2,2-tetrafluoroethyl)-l-cysteine, folic acid, and cisplatin. Marked increases in KIM-1
expression localized to proximal tubule epithelial cells were detected. In addition, KIM-1
protein was detected in urine of nephrotoxin-treated rats.55

KIM-1 is also a biomarker of AKI in humans. Urine samples were collected from 32
patients with various acute and chronic kidney diseases as well as from 8 normal controls.
There was extensive expression of KIM-1 in proximal tubule cells in kidney biopsies from
all 6 patients with biopsy-confirmed ATN. Urinary KIM-1 levels were significantly higher
in patients with ischemic ATN compared with patients with other forms of acute renal
failure or chronic kidney disease. Concentrations of other urinary brush border enzymes like
gamma-glutamyltransferase and alkaline phosphatase did not correlate with clinical
diagnostic groupings.56

KIM-1 is also a sensitive biomarker of tubular injury in other renal diseases besides AKI.
Renal KIM-1 expression was significantly increased in human kidney tissue in patients with
focal glomerulosclerosis, immunoglobulin A nephropathy, membranoproliferative
glomerulonephritis, membranous glomerulonephritis, acute rejection, chronic allograft
nephropathy, systemic lupus erythematosus, diabetic nephropathy, hypertension and
Wegener's granulomatosis compared with normal kidney tissue.57 KIM-1 was primarily
expressed at the luminal side of dedifferentiated proximal tubules in areas with fibrosis and
in areas of inflammation in macrophages. Renal KIM-1 positively correlated with kidney
damage and negatively with kidney function but not with proteinuria. Urinary KIM-1 was
increased in the same group of patients and correlated positively with tissue KIM-1 and
macrophages and negatively with kidney function but not with proteinuria. This study shows
that KIM-1 is upregulated in kidney disease and is associated with renal fibrosis and
inflammation and that urinary KIM-1 can be used as a noninvasive biomarker in multiple
kidney diseases.

In 25 human kidney-transplant protocol biopsies, KIM-1 staining identified proximal tubular
injury and correlated with the degree of renal dysfunction.58 In the same study, it was also
determined that KIM-1 expression is more sensitive than histology for detecting early
tubular injury and that its level of expression may indicate the potential for recovery of
kidney function. In 145 kidney-transplant recipients, urinary KIM-1 was a predictor of graft
loss independent of creatinine clearance, proteinuria, and donor age.59 The relationship
between urinary N-acetyl-beta-(D)-glucosaminidase activity and KIM-1 level and adverse
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clinical outcomes was determined prospectively in 201 hospitalized patients with AKI.
Patients with the highest levels in urinary NAG and KIM-1 had the higher odds for dialysis
requirement or hospital death. This study shows that urinary biomarkers of AKI such as
NAG and KIM-1 can predict adverse clinical outcomes in patients with AKI.60

Tubular Enzymes
The detection of proteins, especially enzymes, released from damaged proximal and/or distal
tubular cells has also been used as a biomarker of AKI. Glutathione S-transferase isomers
are cytoplasmic enzymes found in proximal and distal tubular cells. NAG is a lysosomal
enzyme found mostly in proximal tubules. Alkaline phosphatase (AP), γ-glutamyl
transpeptidase (γGT), and ala-(leu-gly)-aminopeptidase are brush border enzymes.

Tubular enzymuria may be very sensitive to tubular injury from multiple causes. Dipeptidyl
aminopeptidase was increased in the urine in patients with tubulointerstitial nephritis and
chronic glomerulonephritis.61 Of 5 brush border enzymes investigated, alkaline phosphatase
was the most sensitive to detect contrast nephropathy.62 In 73 consecutive patients with
nonoliguric AKI, urinary excretion of alpha1- and beta2-microglobulin, cystatin C, retinol-
binding protein, alpha-glutathione S-transferase, gamma-glutamyltransferase, lactate
dehydrogenase, and N-acetyl-beta-D-glucosaminidase was measured early in the course of
the AKI.63 Urinary excretion of cystatin C and alpha1-microglobulin had the highest
diagnostic accuracies as indicated by the largest areas under the ROC curves in identifying
patients requiring dialysis. This study concluded that, in nonoliguric AKI, increased urinary
excretion of cystatin C and alpha1-microglobulin may predict an unfavorable outcome, as
indicated by the requirement for dialysis.63 Neutral endopeptidase and retinol-binding
protein were increased in the urine of patients after open heart surgery independent of
kidney failure.64 It has also been shown that hemodialysis exacerbates tubular enzymuria in
patients with AKI.65 AP, gamma-glutamyl transferase, leucine aminopeptidase, and
dipeptidyl peptidase IV were measured in kidney-transplant patients with normal graft
function, ATN, and acute rejection and healthy controls. Enzymuria was increased with both
acute rejection and ATN. Successful treatment of rejection resulted in a decrease in the
enzymuria.66 In a prospective pilot study of 26 consecutive critically ill adult patients
admitted to the ICU, urinary levels of γGT, AP, NAG, and alpha- and pi-glutathione S-
transferase (alpha- and pi-GST) but not lactate dehydrogenase were higher in the AKI group
on admission and were useful in predicting AKI.67

In summary, the measurement of tubular enzymuria is inexpensive and easy to measure.
However, tubular enzymuria may be increased in multiple causes of tubular injury including
ATN, acute rejection, and acute tubulointerstitial nephritis.

Cystatin C
Butler and Flynn68 in 1961 studied the urine proteins of 223 individuals by starch gel
electrophoresis and found a new urine protein fraction in the post γ-globulin fraction. This
protein was named cystatin C. Cystatin C is a 13-kd protein produced by all nucleated cells.
It is a polypeptide chain with 120 amino acid residues. It is freely filtered by the glomerulus,
completely reabsorbed by the proximal tubules, and is not secreted by the renal tubules.69

Thus, some of the limitations of serum creatinine (eg, effect of muscle mass, diet, sex, and
tubular secretion) may not be a problem with cystatin C. Cystatin C is best measured by an
immunonephelometric assay. In studies using Cr-EDTA clearance as the reference standard,
the blood concentration of this post γ-globulin fraction, known as cystatin C, was identified
as a measure of GFR.70 Cystatin C is a better marker of GFR than serum creatinine as
shown in the following studies: serum cystatin C and cystatin C based formulae were as
good in estimating GFR as the Modification of Diet in Renal Disease formula.71 Uzun et
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al61 studied the diagnostic significance of cystatin C using noncreatinine measures of GFR.
Serum (99m) technetium-diethylene-triamine-penta-acetic acid (Tc-DTPA) clearance was
compared with serum cystatin C, creatinine, beta2-microglobulin levels and creatinine
clearance in a group of patients with GFRs of 10 to 60 mL/min/1.73 m2 and healthy
controls. Reference clearance, determined by serum (99m)Tc-DTPA, was best correlated
with creatinine clearance (r = 0.957) and cystatin C (r = .828) compared with beta2-
microglobulin (r = .767) and creatinine (r = .682). Because these patients had a GFR of less
than 60, it was concluded that serum cystatin C level can be used as a marker of GFR in
patients with kidney failure.61 Artunc et al72 compared serum creatinine, serum cystatin C,
and the clearance of the iodinated contrast dye iopromide (reference standard) in 127
patients undergoing cardiac catheterization. Serum cystatin C showed a higher non-
parametric correlation (r = .805) to the iopromide clearance compared with creatinine (r =.
652) and compared with GFR estimated by the Cockcroft-Gault formula (r = .690). A serum
cystatin C value of greater than 1.3 mg/L showed an 88% sensitivity and 96% specificity for
the detection of kidney failure (an iopromide clearance of less than 80 mL/min/m2). At a
multinational meeting held in 2002 in Germany,73 it was decided that (1) cystatin C is at
least equal if not superior to serum creatinine as a marker of GFR; (2) the independence
from height, sex, age, and muscle mass is advantageous; (3) select patient groups such as
children, the elderly, and patients with reduced muscle mass may benefit from its use as a
marker of GFR.

The following studies have determined the use of cystatin C as a marker of low GFR in
patients with kidney failure. Changes in cystatin C occur sooner after changes in kidney
function than serum creatinine. Herget-Rosenthal studied patients after uninephrectomy for
living kidney donation. Serum cystatin C increased 1 day after uninephrectomy compared to
serum creatinine that increased at 2 days after uninephrectomy.8 Serum creatinine
concentration and calculated creatinine clearance are thought to be of limited value as GFR
markers in patients with decompensated liver cirrhosis. Thirty-six patients with
decompensated liver cirrhosis, and 56 noncirrhotic controls were studied. Insulin clearance,
serum cystatin C, and creatinine clearances were studied. Plasma cystatin C concentration
was found to be an accurate GFR marker in cirrhotic patients. Plasma creatinine
concentration and calculated creatinine clearance were of no practical value because their
reference values varied with the severity of the liver disease.74

In patients with AKI, cystatin C rises before serum creatinine. In 85 patients at high risk to
develop AKI, it was determined whether cystatin C detected AKI earlier than serum
creatinine. AKI was defined according to the RIFLE classification. Serum cystatin C
increased by more than 50% at 0.6 days earlier than the increase in serum creatinine. Serum
cystatin C also showed a high diagnostic value to detect AKI as indicated by area under the
ROC curve on the 2 days before the R or “risk of kidney dysfunction” criteria was fulfilled
by creatinine. This study concluded that serum cystatin C is useful for the detection of AKI
and may detect AKI 1 to 2 days earlier than creatinine.75 In another study in critically ill
patients, serum creatinine, serum cystatin C, and 24-hour creatinine clearance were
determined. Serum cystatin C correlated better with GFR than did creatinine and was
diagnostically superior to creatinine.76 During continuous veno-venous hemofiltration
(CVVH), the quantity of cystatin C removed is less than 30% of its production and no rapid
changes in its serum concentration are observed.77 This study suggests that CVVH is
unlikely to significantly influence serum concentrations of cystatin C and that cystatin C can
be used to monitor residual kidney function during CVVH.

The reason why cystatin C rises before serum creatinine is not clear. A possible explanation
is that cystatin C represents the ideal endogenous marker of GFR; it is produced by all
nucleated cells at a constant rate, is not affected by changes in body mass, nutrition or sex,
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and is not degraded or secreted by the renal tubules. In contrast, serum creatinine is affected
by many nonrenal factors that affect generation of creatinine and tubular secretion.

There are limitations to the use of cystatin C as a marker of GFR. Abnormalities of thyroid
function78 and glucocorticoid therapy79,80 may affect cystatin C independently of kidney
function. Levels of C-reactive protein may increase cystatin C levels, suggesting that
cystatin C is a marker of inflammation.81

Cystatin C is a predictor of outcome in patients with kidney failure. Cystatin C was a
stronger predictor than serum creatinine of the risk of death and cardiovascular events in
elderly persons.82 In acute non–ST-elevation myocardial infarction, cystatin C was
independently associated with mortality but not with the risk of subsequent myocardial
infarction.83 The association between cystatin C and outcome in AKI and critically ill
patients remains to be determined.

Panels of AKI Biomarkers
The classical biomarker paradigm is that one test detects one disease, eg, troponin for acute
myocardial infarction. However, AKI is a complex disease with multiple causes, and it is
possible that one biomarker will not be sufficient to make an early diagnosis.84 Thus, a
panel of biomarkers may be necessary in AKI.

Both urinary NGAL and IL-18 were measured in children who developed AKI after CPB.35

NGAL increased 25-fold within 2 hours and declined within 6 hours after surgery. In
contrast, urine IL-18 increased at 4 to 6 hours after CPB, peaked at over 25-fold at 12 hours,
and remained markedly elevated up to 48 hours after CPB. Also, on multivariate analysis,
both IL-18 and NGAL were independently associated with number of days in AKI among
cases. These results indicate that NGAL and IL-18 are increased in tandem after CPB. The
combination of these 2 biomarkers may allow for the reliable early diagnosis and prognosis
of AKI at all times after CPB, much before the rise in serum creatinine.35 A panel of
biomarkers of AKI may improve the early diagnosis of AKI in different populations of
patients with AKI.

Urinary levels of matrix metalloproteinase-9, NAG, and KIM-1 were examined in 44
patients with various acute and chronic kidney diseases and 30 normal subjects in a cross-
sectional study.85 In addition, a case-control study of children undergoing CPB surgery was
performed. AKI was defined as a greater than 50% increase in the serum creatinine within
the first 48 hours after surgery. In the cross-sectional study, combining all 3 biomarkers
achieved a perfect score, as determined by the area under the ROC curve, for diagnosing
AKI. In the case-control study, KIM-1 was better than NAG at all time points for early
diagnosis of AKI after CPB, but combining both was no better than KIM-1 alone. Urinary
matrix metalloproteinase-9 was not a sensitive marker in the case-control study. This study
shows that more than 1 marker may be necessary to obtain sufficient sensitivity and
specificity for AKI screening. In addition, certain biomarkers may be more useful in certain
populations.

In summary, several potential urinary biomarkers exist that detect tubular injury before
changes in serum creatinine. In combination, a panel of AKI biomarkers and serum markers
of GFR like cystatin C may result in a greater potential to identify AKI earlier than we
currently can, with resultant clinical implications. Also, clinicians that are aware of the
limitations of different biomarkers in different patients may request a specific test or a panel
of tests. For example, plasma cystatin c is a better marker of kidney failure than BUN or
serum creatinine in patients with decompensated liver cirrhosis.74 Future studies should
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compare the different biomarkers of AKI and GFR in AKI due to different causes (eg,
ischemia, nephrotoxins, contrast, and sepsis).

Phase 4 and 5 Studies
The TRIBE-AKI (Translational Research Investigating Biomarkers in Early Acute Kidney
Injury) Clinical Consortium has been established to accelerate the development of
biomarkers. The consortium is a National Institutes of Health funded multidisciplinary
group and includes investigators from 7 major academic centers and who have expertise in
preclinical, translational, epidemiologic, and health services research. At present, the
consortium is studying the following 3 biomarkers for early diagnosis of AKI: urine IL-18,
NGAL, and cystatin C. The consortium is conducting a prospective multicenter
observational cohort study of 1,800 patients receiving cardiac surgery to determine whether
urine IL-18, NGAL, and cystatin C are biomarkers for the early diagnosis of AKI. In
addition, the hypothesis will be tested that compared with serum creatinine cystatin C will
improve preoperative risk stratification and that urine IL-18 and NGAL levels will be better
markers of postoperative AKI than serum creatinine and predict the severity of AKI and
short-term mortality. The ultimate findings of this study will pave the way for larger
multicenter studies of these biomarkers in other clinical conditions, for interventional
clinical trials to prevent or to treat AKI, and for studies of biomarkers as predictors of long-
term outcomes, like the development of chronic kidney disease and mortality, after AKI.

Conclusion
Biomarkers of AKI have been detected in preclinical studies in rats and mice. In clinical
studies, some of these biomarkers have been validated in established AKI and detect AKI
before the increase in serum creatinine. Prospective screening studies to determine the use of
these biomarkers in larger populations are underway. Ultimately, disease-control studies to
determine the impact of biomarker screening on reducing the burden of disease are
desirable.
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Table 1

Biomarkers of AKI and GFR

Biomarkers of AKI Location Model Reference

IL-18 Urine Mice 20

Adults 33,34,36,40

Children 35

KIM-1 Urine Mice, rats, 53,54

Humans 56,58–60

NGAL Urine Mice, rats 42,86

Adults 36

Children 35,45,49

Tubular enzymuria, eg, γGT, AP, Urine Rats 87

NAG, glutathione S-transferase, lactate dehydrogenase Humans 60,62,67

Tubular enzymuria (eg, Meprin-1-alpha) Urine Rats 88

Urine sodium/hydrogen exchanger isoform 3 (NHE3) Urine Humans 89

Cysteine rich protein 61 (CYR61) Urine Rats, mice 90

Low-molecular-weight proteins (eg, β2 microglobulin, α-1 microglobulin) Urine Humans 63

Cystatin C Serum Humans 75,76

Endothelin Urine Humans 91

Hepatocyte growth factor Urine Humans 92

Type I and II receptors for Tumor necrosis factor-α Serum Humans 93

Cytodiagnostic techniques: collecting duct cells and casts Urine Humans 94

IL-6, IL-8 Urine Humans (renal allografts) 95

Liver fatty acid-binding protein (L-FABP) Urine Children 96

Biomarker of GFR Location Model Reference

Cystatin C Serum Humans 69–72,74

Abbreviations: AKI, acute kidney injury; GFR, glomerular filtration rate; IL, interleukin; KIM-1, kidney injury molecule-1; NGAL, neutrophil
gelatinase-associated lipocalin; γGT, γ-glutamyl transpeptidase; AP, alkaline phosphatise; NAG, n-acetyl-glucosaminidase.
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