
A
i
A
m
h
t
p
i

D

S

A

0
©

S

The Future of Pediatric Acute
Kidney Injury Management—Biomarkers

Prasad Devarajan, MD

Summary: Acute kidney injury (AKI) represents a common and devastating problem in
clinical medicine. A major reason is the lack of early biomarkers for AKI, and hence an
unacceptable delay in initiating therapy. Fortunately, the application of innovative technol-
ogies has uncovered several novel biomarkers. The most promising of these are included in
a putative AKI biomarker panel, consisting of neutrophil gelatinase-associated lipocalin,
interleukin-18, and kidney injury molecule-1. These biomarkers have completed initial vali-
dation, and have entered the prospective screening stage in the biomarker development
process, facilitated by the development of commercial tools for their reproducible measure-
ment across laboratories. The availability of a panel of validated biomarkers will revolutionize
renal and critical care, and enable the practice of personalized and predictive medicine at an
unprecedented level.
Semin Nephrol 28:493-498 © 2008 Elsevier Inc. All rights reserved.
Keywords: Acute kidney injury, acute renal failure, biomarker, interleukin-18, kidney
injury molecule-1, nephrotoxicity, neutrophil gelatinase-associated lipocalin, personalized
medicine
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Dr. McCoy: What’s the matter with you?
Patient: Kidney failure—I’m waiting
for dialysis
Dr. McCoy: Dialysis? What is this, the
Dark Ages?
From Star Trek IV – The Voyage Home
(1986)

s illustrated by the clinical examples in
this issue, acute kidney injury (AKI) rep-
resents a complex disorder that occurs

n a wide variety of settings. The incidence of
KI is increasing globally, and the associated
ortality and morbidity remain unacceptably
igh.1 Once established, there is no effective
reatment for human AKI, and dialysis merely
rovides supportive care. Ironically, even trag-

cally, animal studies have shown that AKI can
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e prevented or treated by several maneuvers,
ut these must be initiated within a narrow
indow of opportunity. Therein lies the Achil-

es’ heel of AKI management—the paucity of
arly biomarkers has lead to an unacceptable
elay in initiating therapy in human beings.2,3 In
urrent clinical practice, AKI is diagnosed by an
ncrease in serum creatinine level, which is a
otoriously unreliable indicator during acute
hanges in kidney function.4 Not surprisingly,
he use of serum creatinine as a therapeutic trig-
er has resulted in the failure of landmark clinical
rials of interventions for AKI in human beings.5

In addition to early diagnosis, biomarkers
ay serve several other purposes in AKI,6 such

s (1) identifying the primary location of injury
proximal tubule, distal tubule, interstitium, or
asculature); (2) discerning AKI subtypes (pre-
enal, intrinsic renal, or postrenal); (3) identify-
ng AKI etiologies (ischemia, toxins, sepsis, or a
ombination); (4) predicting outcomes (dura-
ion and severity of AKI, need for dialysis,
ength of hospital stay, mortality); and (5) mon-
toring the response to therapy.

Desirable characteristics of clinically appli-

able AKI biomarkers include the following:

3-498 493

mailto:prasad.devarajan@cchmc.org


(
t
a
t
d
r
A
t
k
o
t

c
h
p
n
F
i
e
n
e
n
o
r
p
f
l
k

N

M
N
e
t
m
t
a
e
c
e
n
t
n
fi
l
g
z
v
p
p

u
a
o
2
t
2
d
p
m
c
N
c
i
A
s
o
c

k
k
m
t
q
I
a
l
s
q
l
s
e
b
t
t
i

o
t
i
u
w
p
p
c
c
v
c
2
p

494 P. Devarajan
1) they should be rapid, noninvasive, and easy
o perform using easily accessible samples such
s blood or urine; (2) they should be sensitive
o facilitate early detection, and have a wide
ynamic range and cut-off values that allow for
isk stratification; (3) they should be specific for
KI, and enable the identification of AKI sub-

ypes; and (4) they should show strong biomar-
er properties with an area under the receiver-
perating characteristic curve (AUC) of greater
han 0.90 [6].

Conventional urinary biomarkers such as
asts, fractional excretion of sodium, filtered
igh-molecular-weight proteins, and tubular
roteins or enzymes have been insensitive and
onspecific for the early recognition of AKI.
ortunately, the application of functional genom-
cs and proteomics to human and animal mod-
ls of kidney disease has uncovered several
ovel candidates that are emerging as biomark-
rs of AKI. Several of these candidates have
ow progressed through the preclinical stages
f the biomarker development process. This
eview focuses on those that hold the greatest
romise to reach clinical application in the near

uture, namely neutrophil gelatinase-associated
ipocalin (NGAL), interleukin-18 (IL-18), and
idney injury molecule-1 (KIM-1).

GAL AS AN AKI BIOMARKER

ouse kidney microarray analysis revealed
GAL as one of the most up-regulated genes at
arly time points after AKI.7 Downstream pro-
eomic studies showed NGAL to be one of the
ost rapidly and robustly induced proteins in

he kidney after ischemic or nephrotoxic AKI in
nimal models, and NGAL protein was detected
asily in the blood and urine very early in the
ourse of AKI.8,9 These findings generated sev-
ral translational studies to evaluate NGAL as a
ovel biomarker in human AKI. In a prospec-
ive study of children undergoing cardiopulmo-
ary bypass (CPB), the diagnosis of AKI (de-
ned as a 50% increase in serum creatinine

evel) was possible only 1 to 3 days after sur-
ery.10 In contrast, NGAL measurements by en-
yme-linked immunosorbent assay (ELISA) re-
ealed a marked increase in the urine and
lasma within 2 to 6 hours of the surgery in

atients who subsequently developed AKI. By t
sing a cut-off value of 50 ng/mL, both urine
nd plasma NGAL were independent predictors
f AKI, with an outstanding AUC of 0.99 for the
-hour urine NGAL measurement and 0.91 for
he 2-hour plasma NGAL measurement.10 The
-hour urine NGAL level also represented an in-
ependent predictor of duration of AKI among
atients.11 In a subsequent study, urine NGAL
easured at 4 hours after initiation of CPB in

hildren showed an AUC of 1.000.12 For an
GAL cut-point concentration of 100 ng/mg
reatinine, both sensitivity (1.000) and specific-
ty (1.000) were perfect for the prediction of
KI. Thus, NGAL has emerged as a sensitive,
pecific, and highly predictive early biomarker
f AKI in the urine and plasma, after CPB in
hildren.

NGAL also has been evaluated in pediatric
idney transplantation. Biopsy specimens of
idneys obtained 1 hour after vascular anasto-
osis revealed a significant correlation be-

ween NGAL staining intensity and the subse-
uent development of delayed graft function.13

n a prospective multicenter study of children
nd adults, urine NGAL levels in samples col-
ected on the day of transplant predicted sub-
equent delayed graft function and dialysis re-
uirement (which typically occurred 2-4 days

ater) with an AUC of 0.9.14 In a retrospective
tudy of kidney transplant patients undergoing
ither protocol biopsies or clinically indicated
iopsies, urine NGAL measurements were found
o be significantly increased in subjects with
ubulitis or other tubular pathologies, suggest-
ng NGAL as a noninvasive screening tool.15

Several investigators have examined the role
f NGAL as a predictive biomarker of nephro-
oxicity after contrast administration, with prom-
sing results. In a prospective study of children
ndergoing elective cardiac catheterization
ith contrast administration, both urine and
lasma NGAL predicted contrast-induced ne-
hropathy (defined as a 50% increase in serum
reatinine from baseline) within 2 hours after
ontrast administration.16 By using a cut-off
alue of 100 ng/mL, the AUC for prediction of
ontrast nephropathy was excellent for the
-hour urine NGAL (0.92) as well as the 2-hour
lasma NGAL (0.91). By multivariate analysis,

he 2-hour NGAL concentrations in the urine
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nd plasma were found to be powerful inde-
endent predictors of contrast nephropathy.16

Urine NGAL also has been shown to predict
he severity of AKI and dialysis requirement in a
ulticenter study of children with diarrhea-as-

ociated hemolytic uremic syndrome, with high
ensitivity but low specificity.17 By using a cut-
ff value of 200 ng/mL, NGAL in urine obtained
oon after hospitalization was increased signif-
cantly in those children who subsequently de-
eloped severe AKI requiring dialysis. Urine
GAL measurements also represent early bi-
markers of AKI in the pediatric intensive care
etting, being able to predict this complication
bout 2 days before the increase in serum cre-
tinine.18 Early urine NGAL measurements also
ere predictive of duration of AKI as well as
orsening of AKI in critically ill subjects. Thus,
GAL may represent an early diagnostic and
rognostic AKI marker even in a heterogeneous
roup of children with unknown timing of kid-
ey injury.

All results described thus far have been ob-
ained using research-based assays. The avail-
bility of validated clinical tools for NGAL mea-
urements could revolutionize renal diagnostics.
n this regard, a standardized point-of-care kit is
nder development for the measurement of
lasma NGAL (Triage NGAL Device, Biosite In-
orporated, San Diego, CA). The assay is easy to
erform, with quantitative results available in
5 minutes, and requires only microliter quan-
ities of whole blood. In a pilot study with 120
hildren undergoing CPB, plasma NGAL levels
easured by the Triage NGAL Device increased

-fold within 2 hours of CPB in those who
ubsequently developed AKI.19 By multivariate
nalysis, plasma NGAL at 2 hours post-CPB was
he most powerful independent predictor of
KI. For the 2-hour plasma NGAL measure-
ent, the AUC was 0.96, sensitivity was 0.84,

nd the specificity was 0.94 for prediction of
KI using a cut-off value of 150 ng/mL. The
arly plasma NGAL levels strongly correlated
ith change in creatinine, duration of AKI,

ength of hospital stay, and mortality.
In addition, a urine NGAL immunoassay is

eing developed for a standardized clinical plat-
orm (ARCHITECT analyzer, Abbott Diagnos-

ics, Abbott Park, IL). This assay also is easy to d
erform, with a first result available within 35
inutes, and it requires only 150 �L of urine. In
pilot study of 196 children undergoing CPB,

rine NGAL measured by the ARCHITECT ana-
yzer increased 15-fold within 2 hours, in those

ho subsequently developed AKI.20 For the
-hour urine NGAL measurement, the AUC was
.95, sensitivity was 0.82, and the specificity
as 0.90 for prediction of AKI using a cut-off

alue of 100 mg/mL. The 2-hour urine NGAL
evels highly correlated with severity of AKI,
uration of AKI, length of hospital stay, dialysis
equirement, and death.

In summary, NGAL is emerging as a center-
tage player in the AKI field, as a novel predic-
ive biomarker, for prominent inclusion in the
rinary AKI biomarker panel. However, NGAL
easurements may be influenced by a number

f coexisting variables such as systemic infec-
ions, inflammatory conditions, and malignan-
ies.21 There also is emerging literature suggest-
ng that NGAL is a marker of chronic kidney
isease severity.22

L-18 AS AN AKI BIOMARKER

L-18 is a proinflammatory cytokine that is in-
uced and cleaved in the proximal tubule, and
ubsequently easily detected in the urine after
schemic AKI in animal models.23 In a cross-
ectional study, urine IL-18 levels measured by
LISA were increased markedly in patients with
stablished AKI, but not in subjects with uri-
ary tract infection, chronic kidney disease, ne-
hrotic syndrome, or prerenal azotemia.24 In a
ubsequent study, urinary IL-18 was found to be
p-regulated significantly before the increase in
erum creatinine in patients with acute respira-
ory distress syndrome who developed AKI.25

n multivariate analysis, urine IL-18 levels
reater than 100 pg/mg creatinine predicted
he development of AKI 24 hours before the
ncrease in serum creatinine level, with an AUC
f 0.73. Urine IL-18 on the day of initiation of
echanical ventilation also was predictive of
ortality in these patients, independent of se-

erity scores and serum creatinine.
Urinary IL-18 and NGAL were shown to rep-

esent sequential AKI biomarkers in children
ndergoing cardiac surgery.11 In patients who

eveloped AKI 2 to 3 days after surgery, urinary
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496 P. Devarajan
GAL was induced within 2 hours and peaked
t 6 hours, whereas urine IL-18 levels increased
round 6 hours and peaked at more than
5-fold at 12 hours postsurgery (AUC, 0.75).
oth IL-18 and NGAL were associated indepen-
ently with duration of AKI among patients. In
ddition, both IL-18 and NGAL in urine samples
ollected on the day of kidney transplant pre-
icted subsequent delayed graft function and
ialysis requirement with an AUC of 0.9.13 By
ultivariate analysis, both urine IL-18 and
GAL predicted the trend in serum creatinine

n the posttransplant period after adjusting for
ge, sex, race, urine output, and ischemia time.

Urine IL-18 measurements also represent
arly biomarkers of AKI in the intensive care
etting, being able to predict this complication
bout 2 days before the increase in serum cre-
tinine level.26 Urinary IL-18 increased before
erum creatinine in nonseptic critically ill chil-
ren, predicted severity of AKI, and was an

ndependent predictor of mortality in this het-
rogeneous group of patients with unknown
iming of kidney injury.

Thus, IL-18 may represent a promising can-
idate for inclusion in the urinary AKI biomar-
er panel. IL-18 is more specific to ischemic
KI, and is not affected by chronic kidney dis-
ase or urinary tract infections. It is likely that
GAL and IL-18 will emerge as sequential uri-
ary biomarkers of AKI. However, urinary IL-18
easurements also may be influenced by a

umber of variables, such as endotoxemia, im-
unologic injury, and cisplatin toxicity.27

IM-1 AS AN AKI BIOMARKER

IM-1 was first identified by subtractive hybrid-
zation screening as a gene that is markedly
p-regulated in ischemic rat kidneys.28 KIM-1 is
ne of the most highly induced proteins in the
idney after AKI in animal models, and a pro-
eolytically processed domain of KIM-1 is de-
ected easily in the urine soon after AKI.29,30

ssays for KIM-1 (ELISA and microbead-based)
ave been developed in research laboratories,31

ut are not commercially available. In a small
uman cross-sectional study, KIM-1 expression
as induced markedly in proximal tubules in

idney biopsy specimens from patients with

stablished AKI (primarily ischemic), and uri- i
ary KIM-1 measured by ELISA distinguished isch-
mic AKI from prerenal azotemia and chronic
enal disease.32 Patients with AKI induced by con-
rast did not have increased urinary KIM-1.

Recent studies have expanded the potential
linical utility of KIM-1 as a predictive AKI bi-
marker. In a case-control study of children
ndergoing CPB, urinary KIM-1 levels were en-
anced markedly in subjects who subsequently
eveloped AKI, with an AUC of 0.83 at the
2-hour time point.33 In a larger prospective
ohort study of 201 hospitalized patients with
stablished AKI, both urinary KIM-1 as well as
rinary N-acetyl-�-(D)-glucosaminidase were as-
ociated with adverse clinical outcomes, includ-
ng dialysis requirement and death.34

Thus, KIM-1 represents a promising candi-
ate for inclusion in the urinary AKI biomarker
anel. It is likely that NGAL and KIM-1 will
merge as tandem biomarkers of AKI, with
GAL being most sensitive at the earliest time
oints and KIM-1 potentially adding specificity
t slightly later time points. One advantage of
IM-1 as a urinary biomarker is the fact that its
xpression seems to be limited to the injured or
iseased kidney, and no systemic source of
IM-1 has been described. However, urinary
IM-1 measurements may be influenced by a
umber of other confounding variables. KIM-1

s induced in the kidney and up-regulated in the
rine by a large number of nephrotoxins, in-
luding cyclosporine, cisplatin, cadmium, gen-
amicin, mercury, and chromium.35 KIM-1 in
he kidney and urine also is induced in a variety
f chronic proteinuric, inflammatory, and fi-
rotic disease states in human beings.36

UTURE PERSPECTIVES

t is instructive to consider a clinical situation
hat is analogous to AKI, namely acute myo-
ardial infarction, the medical evaluation of
hich has progressed over the past few de-

ades from detection of Q-waves by electrocar-
iogram through a series of serum biomarkers
ith increasing sensitivity and predictive value.
ow widely available to the clinician is a panel of

andem serum biomarkers such as troponins and
reatine phosphokinase, for the timely and accu-
ate diagnosis. This has allowed for the timely

nstitution of a number of therapeutic interven-
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ions, with a resultant 50% or so reduction in
ortality rate. In stark comparison, the diagnosis,

reatment, and prognosis of AKI have not
hanged appreciably in the past 5 decades. The
se of serum creatinine measurements to institute
romising interventions for AKI is analogous to
aiting 2 to 3 days before intervening in patients
ith acute myocardial infarction or acute neuro-

ogic stroke.
Fortunately, we are closing in on the kidney

roponins and the AKI biomarker panel. Incred-
bly, much of the confusion surrounding the
arly diagnosis of AKI is being solved by the
daptive response of the stressed kidney itself,
ith the rapid and robust induction of select

enes whose protein products have provided
s with highly promising biomarkers.37 These

nclude NGAL, IL-18, and KIM-1. These biomar-
ers have completed the initial validation stage,
nd have entered the prospective screening
tage in the biomarker development process.
ach individual biomarker in the putative AKI
anel has merits and demerits. It is doubtful
hat any single biomarker will suffice. The rea-
on for this is evident from the complex and
eterogeneous nature of AKI, occurring in a
ide variety of clinical settings with multiple
athophysiologic mechanisms that interplay
ith and amplify each other.
The availability of a panel of validated bi-

markers will revolutionize renal and critical
are, and allow for the practice of personalized
nd predictive medicine at an unprecedented
evel. An early increase in AKI biomarkers

ould trigger an immediate paradigm shift in
he clinical management of almost every patient
escribed in the clinical cases. At the very least,
he future physician would monitor AKI bi-
marker levels in every child undergoing car-
iac surgery, abdominal surgery, nephrotoxin
dministration, kidney or bone marrow trans-
lantation, and intensive care unit admission for
hock, sepsis, or trauma. Clinicians informed of
n ominous change in biomarker levels would
e aware of the potential for the development
f full-blown AKI, and biomarkers may add sub-
tantively to existing clinical scoring systems
or AKI prediction. Such patients would de-
erve closer monitoring with respect to blood

ressure, urine output, and renal perfusion. Ev-
ry effort to monitor intravascular status and to
ptimize hydration and renal perfusion would
e deployed. These subjects would benefit
rom the diligent avoidance of additional neph-
otoxins. The ability to predict which patients
ill develop AKI could enable early initiation of

herapies. For example, earlier intervention with
enal replacement therapy may be strongly con-
idered for subjects with increased biomarker
evels who are developing fluid overload but

ill not display increased serum creatinine for
everal days owing to hemodilution and the
ime required for re-establishment of a steady
tate. The availability of promising early biomar-
ers may enable the timely initiation of inter-
entions such as atrial natriuretic peptide and
nsulin-like growth factor that have been suc-
essful in smaller, phase II efficacy studies but
ot in larger phase III trials. In addition, animal
tudies continue to reveal novel therapies such
s growth factors, and anti-apoptotic, anti-in-
ammatory, and anti-oxidant approaches that
re effective in early AKI, before the increase in
erum creatinine level.5 The availability of stan-
ardized clinical platforms for AKI biomarker
etermination will enable these and other
ighly promising agents to be investigated sys-
ematically in human beings with AKI, and to
hange the dismal outcomes associated with
his all-too-common clinical problem.

EFERENCES
1. Chertow GM, Burdick E, Honour M, Bonventre JV,

Bates DW. Acute kidney injury, mortality, length of
stay, and costs in hospitalized patients. J Am Soc
Nephrol. 2005;16:3365-70.

2. Devarajan P. Emerging biomarkers of acute kidney
injury. Contrib Nephrol. 2007;156:203-12.

3. Devarajan P. Proteomics for biomarker discovery in
acute kidney injury. Semin Nephrol. 2007;27:637-51.

4. Goldstein SL. Kidney function assessment in the crit-
ically ill child: is it time to leave creatinine behind?
Crit Care. 2007;11:141.

5. Devarajan P. Update on mechanisms of ischemic acute
kidney injury. J Am Soc Nephrol. 2006;17:1503-20.

6. Nguyen MT, Devarajan P. Biomarkers for the early
detection of acute kidney injury. Pediatr Nephrol.
[cited 2007 Mar 30], PMID: 17394022.

7. Supavekin S, Zhang W, Kucherlapati R, Kaskel FJ,
Moore LC, Devarajan P. Differential gene expression
following early renal ischemia-reperfusion. Kidney
Int. 2003;63:1714-24.

8. Mishra J, Qing M, Prada A, Zahedi K, Yang Y, Barasch

J, et al. Identification of NGAL as a novel early urinary



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

498 P. Devarajan
marker for ischemic renal injury. J Am Soc Nephrol.
2003;14:2534-43.

9. Mishra J, Mori K, Ma Q, Kelly C, Barasch J, Devarajan
P. Neutrophil gelatinase-associated lipocalin (NGAL):
a novel urinary biomarker for cisplatin nephrotoxic-
ity. Am J Nephrol. 2004;24:307-15.

0. Mishra J, Dent C, Tarabishi R, Mitsnefes MM, Ma Q,
Kelly C, et al. Neutrophil gelatinase-associated lipoca-
lin (NGAL) as a biomarker for acute renal injury fol-
lowing cardiac surgery. Lancet. 2005;365:1231-8.

1. Parikh CR, Mishra J, Thiessen-Philbrook H, Dursun B,
Ma Q, Kelly C, et al. Urinary IL-18 is an early predic-
tive biomarker of acute kidney injury after cardiac
surgery. Kidney Int. 2006;70:199-203.

2. Portilla D, Dent C, Sugaya T, Nagothu KK, Kundi I,
Moore P, et al. Liver fatty acid-binding protein as a
biomarker of acute kidney injury after cardiac sur-
gery. Kidney Int. 2008;73:465-72.

3. Mishra J, Ma Q, Kelly C, Mitsnefes M, Mori K, Barasch
J, et al. Kidney NGAL is a novel early marker of acute
injury following transplantation. Pediatr Nephrol.
2006;21:856-63.

4. Parikh CR, Jani A, Mishra J, Ma Q, Kelly C, Barasch J,
et al. Urine NGAL and IL-18 are predictive biomarkers
for DGF following kidney transplantation. Am J Trans-
plant. 2006;6:1639-45.

5. Schaub S, Mayr M, Hönger G, Bestland J, Steiger J,
Regeniter A, et al. Detection of subclinical tubular
injury after renal transplantation: comparison of urine
protein analysis with allograft histopathology. Trans-
plantation. 2007;84:104-12.

6. Hirsch R, Dent C, Pfriem H, Allen J, Beekman RH, Ma
Q, et al. NGAL is an early predictive biomarker of
contrast-induced nephropathy in children. Pediatr
Nephrol. 2007;22:2089-95.

7. Trachtman H, Christen E, Cnaan A, Patrick J, Mai V,
Mishra J, et al. Urinary NGAL in D�HUS: a novel marker
of renal injury. Pediatr Nephrol. 2006;21:989-94.

8. Zappitelli M, Washburn KM, Arikan AA, Loftis L, Ma
Q, Devarajan P, et al. Urine NGAL is an early marker
of acute kidney injury in critically ill children: a pro-
spective cohort study. Crit Care. 2007;11:R84.

9. Dent CL, Ma Q, Dastrala S, Bennett M, Mitsnefes MM,
Barasch J, et al. Plasma NGAL predicts acute kidney
injury, morbidity and mortality after pediatric cardiac
surgery: a prospective uncontrolled cohort study.
Crit Care. 2007;11:R127.

0. Bennett M, Dent CL, Ma Q, Dastrala S, Grenier F,
Workman R, et al. Urine NGAL predicts severity of
acute kidney injury after cardiac surgery: a prospec-
tive study. Clin J Am Soc Nephrol. 2008;3:665-73.

1. Devarajan P. Neutrophil gelatinase-associated lipoca-
lin: new paths for an old shuttle. Cancer Ther. 2007;
5:463-70.

2. Nickolas TL, Barasch J, Devarajan P. Biomarkers in
acute and chronic kidney disease. Curr Opin Nephrol
Hypertens. 2008;17:127-32.

3. Melnikov VY, Ecder T, Fantuzzi G, Siegmund B, Lucia
MS, Dinarello CA, et al. Impaired IL-18 processing
protects caspase-1 deficient mice from ischemic

acute renal failure. J Clin Invest. 2001;107:1145-52.
4. Parikh CR, Jani A, Melnikov VY, Faubel S, Edelstein
CL. Urinary interleukin-18 is a marker of human
acute tubular necrosis. Am J Kidney Dis. 2004;43:
405-14.

5. Parikh CR, Abraham E, Ancukiewicz M, Edelstein CL.
Urine IL-18 is an early diagnostic marker for acute
kidney injury and predicts mortality in the intensive
care unit. J Am Soc Nephrol. 2005;16:3046-52.

6. Washburn KK, Zappitelli M, Arikan AA, Loftis L, Ya-
lavarthy R, Parikh CR, et al. Urinary interleukin-18 is
an acute kidney injury biomarker in critically ill chil-
dren. Nephrol Dial Transplant. 2007;23:566-72.

7. Leslie JA, Meldrum KK. The role of interleukin-18
in renal injury. J Surg Res. 2008;145(1):170-5.

8. Ichimura T, Bonventre JV, Bailly V, Wei H, Hession CA,
Cate RL, et al. Kidney injury molecule-1 (KIM-1), a
putative epithelial cell adhesion molecule contain-
ing a novel immunoglobulin domain, is up-regu-
lated in renal cells after injury. J Biol Chem. 1998;
273:4135-42.

9. Ichimura T, Hung CC, Yang SA, Stevens JL, Bonventre
JV. Kidney injury molecule-1: a tissue and urinary
biomarker for nephrotoxicant-induced renal injury.
Am J Physiol Renal Physiol. 2004;286:F552-63.

0. Vaidya VS, Ramirez V, Ichimura T, Bobadilla NA, Bon-
ventre JV. Urinary kidney injury molecule-1: a sensi-
tive quantitative biomarker for early detection of kid-
ney tubular injury. Am J Physiol Renal Physiol. 2006;
290:F517-29.

1. Vaidya VS, Ferguson MA, Bonventre JV. Biomarkers of
acute kidney injury. Annu Rev Pharmacol Toxicol.
2008;48:17.1-.31.

2. Han WK, Bailly V, Abichandani R, Thadhani R, Bon-
ventre JV. Kidney injury molecule-1 (KIM-1): a novel
biomarker for human renal proximal tubule injury.
Kidney Int. 2006;62:237-44.

3. Han WK, Waikar SS, Johnson A, Betensky RA, Dent
CL, Devarajan P, et al. Urinary biomarkers in the early
diagnosis of acute kidney injury. Kidney Int. 2008;73:
863-9.

4. Liangos O, Perianayagam MC, Vaidya VS, Han WK, Wald
R, Tighiouart H, et al. Urinary N-acetyl-�-(D)-glu-
cosaminidase activity and kidney injury molecule-1 level
are associated with adverse outcomes in acute renal
failure. J Am Soc Nephrol. 2007;18:904-12.

5. Zhou Y, Vaidya VS, Brown RP, Zhang J, Rosenzweig
BA, Thompson KL, et al. Comparison of kidney injury
molecule-1 and other nephrotoxicity biomarkers in
urine and kidney following acute exposure to genta-
micin, mercury, and chromium. Toxicol Sci. 2008;
101:159-70.

6. van Timmeren MM, van den Heuvel MC, Bailly V,
Bakker SJ, van Goor H, Stegeman CA. Tubular kidney
injury molecule-1 (KIM-1) in human renal disease.
J Pathol. 2007;212:209-17.

7. Devarajan P, Parikh C, Barasch J. Case 31-2007: a man
with abdominal pain and elevated creatinine. N Engl

J Med. 2008,358:312.


	The Future of Pediatric Acute Kidney Injury Management—Biomarkers
	NGAL AS AN AKI BIOMARKER
	IL-18 AS AN AKI BIOMARKER
	KIM-1 AS AN AKI BIOMARKER
	FUTURE PERSPECTIVES
	REFERENCES


