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Epidemiology and Diagnosis
of Acute Kidney Injury

Michael Zappitelli, MD, MSc

Summary: The development of recent standardized definitions of acute kidney injury (AKI)
has allowed us to begin understanding pediatric AKI epidemiology and risk factors and to
stratify outcome by AKI severity. AKI incidence will vary with illness severity of the popu-
lation studied and definition type, ranging from less than 1% when need for dialysis is used to
82% when less conservative definitions (such as �1.5 times baseline serum creatinine) are
used to define AKI. The most common AKI causes are secondary, such as sepsis, nephrotoxic
medication, and ischemia, each leading to acute tubular necrosis (ATN). Children undergoing
cardiopulmonary bypass surgery, stem cell transplantation, or with multiple organ dysfunc-
tion syndrome are at high risk for these events. A key feature in diagnosis and management
includes identifying the presence of ATN versus a reversible hypovolemic state because
patients with ATN may quickly develop fluid overload with overaggressive fluid therapy,
requiring dialytic removal. Despite advances in acute pediatric dialysis therapy and in overall
care of critically ill children, severe AKI still is associated with a high mortality rate,
necessitating more research in early AKI identification and therapeutic trials.
Semin Nephrol 28:436-446 © 2008 Elsevier Inc. All rights reserved.
Keywords: Acute kidney injury, children, acute tubular necrosis, diagnosis, epidemiology
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he clinical cases presented by Symons and
Picca in this issue are common scenarios
encountered by pediatric nephrologists de-

cribing patients at high risk of developing acute
idney injury (AKI).1 AKI denotes the abrupt on-
et of renal dysfunction resulting from injurious
ndogenous or exogenous processes, leading to
he inability to regulate acid and electrolyte bal-
nce, and excrete wastes and fluid2; glomerular
ltration rate (GFR) decreases, characterized clin-

cally by the body’s accumulation of serum creat-
nine (SCr). Severe AKI is life-threatening.3,4 How-
ver, recent evidence suggests that even a small
Cr increase is a risk factor for mortality and costs
n hospitalized patients.5,6

When faced with clinical situations such as
hose described in the cases, the nephrologist’s
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ole is to diagnose the presence of AKI, identify
he modifiable and nonmodifiable risk factors,
ollowed by patient-specific management. To
chieve these goals and provide optimal care, the
ephrologist must understand the following: (1)
ow to define AKI, (2) the disease epidemiology,
3) the possible etiologies in the setting of a spe-
ific illness, and (4) the laboratory investigations
ecessary to diagnose AKI severity. This article
ocuses on AKI definition and diagnosis, and out-
ines the causes and epidemiology of AKI, with
ubsequent application to the clinical cases. This
rticle does not address case 4 since infants with
nborn errors of metabolism usually do not expe-
ience AKI and the factors important to guide
rovision of renal replacement therapy are dis-
ussed in the article by Picca et al in this issue
p. 477).

PIDEMIOLOGY

 consistent definition is required to discuss the
pidemiology of any disease with validity. Until
ecently, studies describing AKI epidemiology
ave used a wide variety of definitions (Table

), ranging from mild changes in SCr level and
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Epidemiology and diagnosis of AKI 437
rine output to the need for renal replacement
herapy (RRT), which has greatly hampered our
bility to discuss AKI epidemiology. Several fac-

Table 1. List of Findings From Some Pediatric

Study
Population

Studied N

Defi

SCr

Hospital patients
Arora et al,58

(1989-1994)
Only AKI referrals 80 �2 mg/dL

Vachvanichsanong et
al,9 (1982-2004)

All pediatric
admissions

311 �2 mg/dL
doubling

Williams et al,4

(1979-1998)
Only AKI referrals 228 SCr/BUN

doubling
Loza et al,42

(1996-2001)
Only AKI referrals 149 High SCr fo

Otukesh et al,59

(1989-2003)
Only AKI referrals 300 SCr increase

mg/dL/d
week

Olowu and Adelusola,43

(1994-2003)
Only AKI referrals 123 Not defined

(abnorm
biochem
profile)

Bailey et al,7

(2000-2001)
All PICU

admissions
985 �2 times n

SCr OR S
doubling

Hui-Stickle et al,3

(1998-2001)
Discharge Dx of

AKI
248 Estimated G

�75 mL/
1.73 m2

Akcan-Arikan et al,5

(2004-2005)
PICU, intubated,

on pressors
150 pRIFLE4 crit

Stem cell transplants
Kist-van Holthe et al,56

(1990-1996)
Allogenic BMTx 142 SCr doublin

Frisk et al,57

(1985-1997)
BMTx 40 SCr doublin

Balduzzi et al,60

(1990-1997)
Stem cell Tx for

acute leukemia
636 Grade 1: �

doubling
Grade 2: �

doubling
Grade 3: di

Michael et al,45

(1999-2002)
Stem cell Tx 272 SCr doublin

Cardiac surgery
Skippen and Krahn,48

(2003-2004)
CPB surgery 101 SCr doublin

Huang et al,61

(1999-2004)
Cardiac surgery

needing extra-
corporeal life
support

68 N/A

Mishra et al,62 (2004) 72 h post-CPB
with no AKI
risk factors

71 �50% SCr
increase

Backer et al,63

(1994-2006)
72 h post-CPB

surgery
2,090 SCr doublin

Abbreviations: BUN, blood urea nitrogen; N/A, not assessed
*Definition criteria refers to the type of definition used to de
†Incidence is either expressed as the proportion of AKI case

patients studied; dialysis need is expressed as the proport
proportion of patients with AKI who died.
ors, ranging from type of AKI definition to SCr t
ssay used, affect the estimate of AKI incidence,
ndependent of AKI disease. Understanding
hese factors allows for a more refined interpre-

tudies With Focus on Type of Definition Used

Criteria*

Incidence†

Dialysis
Need,
%†

Mortality,
%†Urine Output

N/A N/A 69 43

N/A �1995: 0.5-3.3/1000 18 41

�1995: 4.6-9.9/1000
�0.5 mL/kg/h N/A 47 27

N/A N/A N/A 30

N/A N/A 31 25

�300 mL/m2/d N/A 54 44

N/A 4.5% 16 30

N/A N/A 30 32

82% 9 15

N/A 34% 0 17

N/A 2.5% 0 N/A

N/A 15% 2 N/A

N/A 11% 48 54

N/A 11% 0 N/A

�0.5 mL/kg/h 69% N/A 83

N/A 28% N/A N/A

N/A 6% 1% N/A

applicable; Dx, diagnosis; BMTx, bone marrow transplant.
I, either by using SCr level, urine output, both, or neither.
ng the total population studied (%) or as cases per 1,000
patients with AKI who required dialysis; mortality refers to
AKI S

nition

OR

r age

0.1
for 1

al
ical

ormal
Cr

FR
min/

eria

g

g

SCr

SCr

alysis
g

g

g

or not
fine AK
s amo
ion of
ation of the AKI epidemiologic literature.



D
P

A
R
r
A
c
u
c
o
v
d
r
f
a
(
w
o
c
c
g
i
h
4
o
t
f
A

S
E

C
S
r
G
i
c
h
m
m
t
f
o
c
b

fi
i
m

t
b
S
h
e
d
i
d
t
a
t

R
E

A
r
i
e
i
F
c
s
l
[
c
a
A
h
p
i
o
P
i
c
p
t
t
t
s
e
t
e
i
t
c
t
e
i

438 M. Zappitelli
efinition and Study
opulation Characteristics

KI incidence is generally less than 1% when
RT requirement defines AKI.7-9 However, a
equirement for RRT provision is the most strict
KI definition. Reported AKI incidence in-
reases when less strict AKI definitions are
sed, such as doubling of SCr. Study population
haracteristics also will influence the estimate
f AKI incidence; studies including more se-
erely ill patients will show a higher rate of AKI
evelopment. Two recent prospective pediat-
ic AKI studies show the influence of these
actors. In the first study, almost all patients
dmitted to the pediatric intensive care unit
PICU) were eligible for enrollment and AKI
as defined as SCr level doubling.7 In the sec-
nd study, only patients receiving invasive me-
hanical ventilation and vasopressors were in-
luded and AKI was defined as a 1.5 times or
reater SCr increase.5 Both population and def-
nition characteristics in the latter study led to a
igher estimate of AKI incidence (82% versus
.5%) than in the former. However, the actual
ccurrence of AKI in each ICU may not have
ruly differed. AKI ascertainment merely dif-
ered in relation to the study population and
KI definition.

erum Creatinine Level and
stimated Baseline Renal Function

urrently, AKI generally is defined by changes in
Cr level, reflecting changes in GFR.10 For many
easons, SCr level is an inaccurate marker of
FR11 and a late marker of AKI.10,12 Serum creat-

nine concentrations are highly affected by mus-
le mass, which not only changes with age and
eight of a child, but also with changes in muscle
ass associated with hospitalization-associated
alnutrition. As GFR decreases acutely, SCr secre-

ion by the renal tubules will increase, leading to
alsely low SCr values that may not capture AKI
ccurrence. Despite these problems, acute SCr
hange is the reference standard, albeit imperfect,
y which epidemiologic AKI studies are based.

Another potential problem in interpreting
ndings of AKI epidemiologic studies is the

ssue surrounding baseline renal function. Al-

ost every study estimates baseline renal func- t
ion in a different way. If a lower estimate of
aseline SCr is used to detect acute changes in
Cr, then the estimated incidence of AKI will be
igher; when a more conservative or higher
stimate of baseline SCr is used, then AKI inci-
ence will clearly be lower. In 2008, we exam-

ned the effect of using different methods for
efining baseline renal function and found that
he incidence and severity distribution of AKI
re highly affected by how baseline renal func-
ion is defined.13

isk, Injury, Failure, Loss,
nd-Stage Kidney Disease Criteria

consistent, multidimensional AKI definition
epresents an important strategy to account for
nterstudy differences and interpretation of AKI
pidemiologic studies. The Acute Dialysis Qual-
ty Initiative recently proposed the Risk, Injury,
ailure, Loss, End-Stage Renal Disease (RIFLE)
riteria for defining AKI.10 The RIFLE criteria
tratify AKI from mild (RIFLE R [risk]: �50% SCr
evel increase from baseline) to severe (RIFLE F
failure]: �3 � baseline SCr level) based on
hanges in SCr level or urine output. A few
dult studies have shown that the presence of
KI by RIFLE is a risk factor for mortality in
ospitalized adults.14-18 We defined AKI using
ediatric-modified RIFLE (pRIFLE) criteria (shown

n Table 2), and found that AKI occurred in 82%
f the most critically ill children admitted to the
ICU.5 AKI defined by these criteria was an

ndependent risk factor for mortality and in-
reased hospital length of stay. Although the
RIFLE criteria are not currently applicable in
he clinical setting for medical decision making,
hey provide a multidimensional research tool
o assist with AKI descriptive and outcome
tudies and also allows clinicians and research-
rs to speak the same language when discussing
he presence of AKI. AKI definition is still an
volving area of research. A more recent mod-
fication of the RIFLE criteria was proposed by
he Acute Kidney Injury Network (the AKIN
riteria staging system),19 however, this defini-
ion has not been evaluated in children. Further
pidemiologic research using these definitions
n children will contribute to understanding the

rue incidence of mild to severe AKI in a wide
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Epidemiology and diagnosis of AKI 439
ange of geographic and diagnostic patient pop-
lations.

ystatin C

ystatin C (CysC) is a protease inhibitor pro-
uced at a constant rate by nucleated cells,
hich may be an alternative to SCr to define the
resence of AKI. Serum levels are stable with age,
uscle mass, diet, and physical activity,20-22 prin-

iple excretion is by GFR with no tubular se-
retion,23,24 and it is degraded by proximal tu-
ular cells23; all of these attributes are ideal
ualities for a marker of GFR.25 Although CysC

s more diagnostic of renal dysfunction than SCr
n patients with CKD,26-31 patients with CKD
ave relatively stable renal function, thus CysC
annot be assumed to be a better marker of
cute changes in GFR. CysC kinetic studies
ave suggested that its serum concentrations
ay achieve a steady state sooner than SCr with

cute GFR changes.32,33 Early clinical studies in
ritically ill adults and children undergoing car-
iopulmonary bypass surgery suggest that CysC

ncreases 1 to 2 days before SCr does with AKI,
ut this is still controversial,34-40 requiring fur-
her research.

TIOLOGY AND RISK FACTORS

he discussion thus far has focused on appro-
riate interpretation of epidemiologic AKI stud-

es based on AKI definition. Recognition of
isease etiology is a crucial component to the
nderstanding of AKI disease epidemiology.
able 3 lists AKI causes commonly seen in
hildren. Different reports reveal different AKI
auses depending on the specific population

Table 2. pRIFLE Criteria

Estimated Creatinine C

Risk Decrease by 25%
Injury Decrease by 50%
Failure Decrease by 75% or eCCl �35 m

Loss Persistent failure �4 weeks
End stage End-stage renal disease (persisten
Data from Akcan-Arikan et al.5
tudied. Prevalent causes of AKI are sepsis, the h
se of nephrotoxic medication, and renal isch-
mia caused by several disease states in criti-
ally ill patients.3-5,7,9,41-43 In fact, most AKI in
he critical care setting is caused by secondary
enal injury rather than primary renal disease
such as glomerulonephritis or hemolytic-ure-
ic syndrome). Although each of these condi-

ions cause AKI via different mechanisms, they
ead to a final common pathway of acute tubu-
ar necrosis (ATN), characterized by renal tubu-
ar cell death, as depicted in Figure 1.

Specific patient populations who are at
igher risk of developing AKI have been stud-

ed in some detail. Patients receiving stem cell
ransplants are at substantial risk of developing
KI for several reasons, including the extensive
se of nephrotoxic medications, veno-occlusive
isease in association with hepatorenal syn-
rome, the high incidence of sepsis, and tumor

ysis syndrome.44-46 Because of the large amounts
f fluid received during their treatment, these
atients are also at particularly high risk of
eveloping substantial fluid overload. Patients
ndergoing cardiopulmonary bypass (CPB) are
lso at risk of postoperative AKI. The patho-
hysiology of AKI in this setting is mostly isch-
mia associated with the bypass procedure.
he incidence of AKI, defined by SCr level
oubling, in the CPB population ranges from
pproximately 6% to 30%, depending on the
ase series and AKI definition used.47,48

LINICAL FEATURES AND DIAGNOSIS

dentification of a single cause of AKI is unusual
n the critical care setting. In the non–critical
are setting, such as the emergency room or

nce Urine Output

�0.5 mL/kg/h for 8 hours
�0.5 mL/kg/h for 16 hours

n/1.73 m2 �0.3 mL/kg/h for 24 hours or
anuric for 12 hours

re �3 mo)
leara

L/mi

t failu
ospital wards, it is more likely to find a single
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440 M. Zappitelli
mportant etiology, such as nephrotoxic medi-
ation use in the patient treated for a cystic
brosis exacerbation or a patient presenting to
he emergency room with gross hematuria and
ypertension. Nonetheless, identification of all
otential AKI causes is crucial to provide ap-
ropriate recommendations for diagnosis and
voidance of further kidney injury.

Renal hypoperfusion events will be extremely
ommon in the critical care unit and in patients
ndergoing stem cell transplants, resulting from
xcessive blood loss, sepsis with capillary leak,
ardiac dysfunction, vomiting, inadequate fluid
eplacement, and burns. Therefore, a detailed
uid balance history is necessary to determine the
xtent to which renal hypoperfusion may be con-
ributing to the AKI episode. Additionally, a fluid
alance history is invaluable to evaluate whether
positive fluid balance is occurring, which may

uggest more severe AKI. If available, serial
eights are useful for the assessment of progres-

ively positive fluid balance. Detailed medication
istory will elucidate whether medication-in-
uced nephrotoxicity (eg, aminoglycosides, am-
hotericin-B, chemotherapeutic agents, angioten-
in converting enzyme inhibitors, or calcineurin
nhibitors) may be contributing to the current
KI episode.
Estimating baseline kidney function will help

etermine the severity of kidney injury, and can
e assessed by reviewing previously drawn SCr

evels over the previous 3 to 6 months to de-
ermine a patient’s true baseline SCr level. If
aseline SCr levels are unavailable, baseline kid-
ey function can be estimated by assuming a
ormal estimated creatinine clearance by the
chwartz formula49 and back-calculating SCr
evel or by using age- and sex-based SCr norma-
ive values.13

The physical examination can provide evi-
ence of the cause of AKI. A rash or arthritis
ay suggest vasculitis or remarkable ascites or

aundice may suggest hepatorenal syndrome.
ow blood pressure and poor perfusion will
trongly suggest ischemic ATN. The physical
xamination also helps to evaluate the severity
f fluid overload associated with AKI. Fluid
verload has been shown to be associated with
ortality at initiation of continuous RRT, inde-
Table 3. Causes of Pediatric AKI

Renal hypoperfusion
Low intravascular volume

Hemorrhage/bleeding: postoperative,
trauma

Severe dehydration
Third-space losses: sepsis and capillary

leak, burns, trauma, hypoalbuminemia
(nephrotic syndrome/liver disease)

Decreased effective circulating volume
Cardiac dysfunction: congestive heart

failure, cardiac tamponade/pericarditis,
sepsis-associated cardiac dysfunction

Renal artery obstruction: stenosis, mass
Sepsis-associated diffuse vasodilation

Diseases of renal tissue
Glomerular

Glomerulonephritis
Vascular

Hemolytic uremic syndrome: infectious,
drug-induced (calcineurin inhibitors),
genetic

Vascular injury: cortical necrosis, renal
vein/artery thrombosis, disseminated
intravascular coagulation, thrombotic
disease, malignant hypertension

Interstitial
Acute interstitial nephritis: drug-induced,

infectious, immune-mediated
Infection/pyelonephritis

Tubular
ATN: hypoxic/ischemic injury, drug-

induced, exogenous toxins (metals,
venom, illicit drugs, ethylene glycol,
methanol), endogenous toxins
(rhabdomyolysis, hemolysis, tumor
lysis syndrome)

Tumor lysis syndrome
Urinary tract obstruction

Urethral obstruction: posterior urethral
valves in neonates; urinary catheter
obstruction

Obstruction of solitary kidney urinary
tract: congenital (ureteral-pelvic
junction, ureteral stenosis,
ureterovesical junction, mass), stones,
mass

Bilateral ureteral obstruction: mass, stones
endent of illness severity50,51 and with mortal-
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Epidemiology and diagnosis of AKI 441
ty in children with AKI after stem cell trans-
lantation.45 Some patients, particularly those
ith severe capillary leak as seen with septic

hock or stem cell transplantation, may have only
ild to moderate increases in SCr but in associa-

ion with severe fluid overload requiring dialytic
emoval. The following formula can assist in de-
ermining the extent of severity of fluid overload:
Fluid in (L) � Fluid out (L) from ICU admission)/
CU admission weight in kg � 100%.51

Correlating changes in oxygen needs with
hanges in fluid balance may help determine
he extent to which fluid overload is impeding

igure 1. Pathophysiology of AKI. A disease process ma
rue renal injury, most commonly ATN (right side). Once
eath and functional abnormalities (reduced GFR) follow

ate in this pathophysiologic process.
dequate oxygenation and ventilation. p
Laboratory investigation can help elucidate
KI causes as well as evaluate severity, as
hown in Figure 2. Urine examination helps to
ule out evidence of glomerulonephritis (hema-
uria, red blood cell casts, white blood cell
asts) and to evaluate for proteinuria, particu-
arly in patients with low serum albumin levels.
atients with ATN may have granular or muddy
rown casts.

A common diagnostic dilemma occurs when
atients present with an increase in SCr level
ssociated with evidence of renal hypoperfu-
ion, as shown in Figure 3. Some patients sim-

to a reversible serum creatinine increase (left side) or to
occurs, a series of injurious events leading to renal cell

enal cell repair, ensue. Of note, SCr level increase occurs
y lead
injury

ed by r
ly require fluid administration to return SCr
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442 M. Zappitelli
oncentrations to baseline values and may not
ave true tubular injury. In these patients, re-
uction in GFR is adaptive to offset the reduc-
ion in intravascular volume. However, when
enal hypoperfusion is severe, ATN can develop
nd overly aggressive fluid administration may
ontribute or lead to fluid overload and respi-
atory compromise. Calculating the fractional
xcretion of sodium or urea can be used to help
ifferentiate between increases in SCr caused
y simple renal hypoperfusion versus ATN:
Urine sodium � SCr/serum sodium � urine
reatinine) � 100.

The fractional excretion of urea is calcu-
ated similarly. Sodium and urea fractional

igure 2. Laboratory investigation of AKI. Proposed lab
stimation of baseline kidney function and followed by d
cute interstitial nephritis; HUS, hemolytic uremic synd
ultiple organ dysfunction syndrome.

igure 3. Common clinical scenario of a patient with i
ncreases and whether the cause is reversible renal hypop

f developing fluid overload with overaggressive fluid therapy
xcretion should be low (�1% for sodium
nd �35% for urea) with fluid-responsive in-
reases in SCr level (prerenal AKI), whereas
ith ATN, fractional excretion will be higher

�2% for sodium and �35% for urea). The
ractional excretion of urea may be less af-
ected by diuretic use.52 Increases in levels of
lood urea nitrogen out of proportion to SCr
lso may indicate renal hypoperfusion as an
mportant contributing factor to AKI, how-
ver, it is important to remember that blood
rea nitrogen levels can be increased in states
f gastrointestinal bleeding and catabolism
such as corticosteroid use) and does not rule
ut the presence of ATN.

ry evaluation of acute SCr increase, beginning with an
d evaluation of urinary, blood, and imaging tests. AIN,

; TTP, thrombotic thrombocytopenic purpura; MODS,

ed SCr level. Clinical scenario whereupon the SCr level
on or ATN is not known. The patient with ATN is at risk
orato
irecte
rome
ncreas
erfusi
.
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Epidemiology and diagnosis of AKI 443
UTCOME

hildren with AKI requiring RRT, particularly
nfants and those with multiple organ dysfunc-
ion, have a high mortality rate, ranging from
0% to 70%.9,53,54 However, mild pediatric AKI
lso may be associated with mortality, indepen-
ent of illness severity.5 Additional research is
eeded to determine the strength of the asso-
iation between milder forms of AKI and mor-
ality. Of particular interest is the long-term
enal outcome of patients who have hospital-
cquired AKI. Early work by Askenazi et al55

evealed that up to 60% of children who had
ospital-acquired AKI had some form of renal
bnormality at the 3- to 5-year follow-up evalu-
tion, defined as hematuria, hypertension, mi-
roalbuminuria, low GFR, or high GFR. Another
ediatric study showed that 30% of children
ho underwent bone marrow transplant avail-

ble for follow-up evaluation displayed reduced
FR at 1 year.56 Similar findings were con-
rmed by other investigators in similar popula-
ions.57

ETURN TO CLINICAL CASES

linical Case 1: Sepsis/Multiple Organ
ysfunction Syndrome

his clinical scenario describes a child with
eptic shock who required large amounts of
uid resuscitation and vasopressors to maintain
inimally acceptable blood pressure. There is

ittle doubt, given the increase in SCr level, that
his patient has AKI. His SCr initially was 1
g/dL, increased to 1.6 mg/dL, and finally in-

reased to 2.8 mg/dL. If we assume that his
aseline SCr was 1 mg/dL, then he had an
pproximate tripling of his SCr level, which
quates to an approximate 75% reduction in
FR. By using the pRIFLE criteria, this patient
as RIFLE F (failure) AKI. His baseline SCr level
as most likely even less than 1 mg/dL, given

hat he already was ill on arrival to the PICU and
verage SCr concentrations for a boy his age are
loser to approximately 0.7 to 0.8 mg/dL. Thus,
e suffered a significant reduction in GFR, most

ikely exceeding a 75% reduction. We can iden-
ify several risk factors including the presence
f sepsis with likely multiple organ dysfunction,

ery low blood pressure with renal hypoperfu- m
ion, and the use of high doses of vasopressor
edication, suggesting that this child has at

east moderate to severe ATN. Another clue to
he presence of significant ATN was that his SCr
oncentration did not improve with administra-
ion of intravenous fluids; rather, he developed
orsening fluid overload. A urinalysis may re-

eal granular casts and a fractional excretion of
odium study will be greater than 1% to 2%. It
ould be important to measure his serum cal-

ium, potassium, and phosphorous levels to
elp assess the severity of ATN, which may
equire dialysis for metabolic reasons. Calcula-
ion of the patient’s fluid overload status re-
ealed: (Total fluid in � out from admission)/
eight � 100 � (15.08L � 2.3L)/52 � 100 �

4.6% fluid overload.
This extreme fluid overload occurred despite

dequate urine output (1.2 mL/kg/h), display-
ng a common flawed practice of interpreting
bsolute urine output without an assessment of
et fluid balance. Moreover, his chest radio-
raph findings and oxygenation status likely
ere affected by the severe excess amount of
uid he has accumulated, in addition to acute
espiratory distress syndrome.

In summary, based on knowledge of how
KI is defined, on the risk factors of AKI, and
n methods of assessing AKI severity, we can
onclude that this child has severe ATN (attain-
ng the worst acute pRIFLE stratum) caused by
evere acute renal hypoperfusion and sepsis,
ausing an acute (�75%) reduction in his GFR,
esulting in severe fluid overload. Based on his
linical situation and his likely need for RRT, he
s at high risk of mortality.

linical Case 2: AKI
fter Stem Cell Transplantation

ased on studies of the risk factors and most
ommon causes of AKI, this patient who under-
ent hematopoietic stem cell transplantation is

t risk of developing AKI posttransplant via
everal mechanisms. The diagnosis of AKI was
rst made by estimating her baseline SCr value
which we will assume is approximately 0.7
g/dL, although likely was lower given her age

nd sex), assessing the rate of increase and peak
alue of her most recent SCr, which was 2.6

g/dL. Thus her SCr concentration more than
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ripled, signifying a greater than 75% reduction
n her GFR. Next, specific AKI causes and risk
actors must be identified. These include stem
ell transplantation alone, the use of total body
rradiation (although this usually contributes to
enal dysfunction later), and the presence of
raft-versus-host disease, which may be associ-
ted with veno-occlusive disease–associated re-
al dysfunction. In addition, this patient is receiv-

ng multiple nephrotoxic medications, including
minoglycosides (toxic to the proximal tubule),
mphotericin B (causing distal tubular toxicity
nd reduction in GFR), and tacrolimus (which
auses a reduction in GFR, tubular toxicity, and
lso may cause a thrombotic thrombocytopenic
urpura clinical picture). She also may have
epsis associated with a fever of unknown ori-
in, which may or may not be contributing to
er acute renal dysfunction. In addition, it is
orthy to note that the increase in SCr is unre-

ponsive to fluid, highly suggesting the pres-
nce of ATN. Nevertheless, a fractional excre-
ion of urea test was performed (because she is
eceiving diuretics and a fractional excretion of
odium study is unreliable) and was found to be
reater than 35%. Because of the concern of
hrombotic thrombocytopenic purpura second-
ry to tacrolimus, hemoglobin and platelets and

blood smear for schizocytes also are re-
uested. Despite the extreme acute reduction

n GFR, her urine output did not initially de-
rease substantially; however, this was not unex-
ected because aminoglycoside and amphoteri-
in-induced nephrotoxicity often are associated
ith nonoliguric AKI. Because of her high fluid
eeds and progressive relative reduction in
rine output, her fluid overload status has in-
reased substantially at approximately 11%.
iven her respiratory status, her obvious sub-

tantial AKI, and the acute increase in fluid
verload, specific management is necessary.

linical Case 3: CPB

his clinical case describes an infant with con-
enital heart disease who has undergone multi-
le potentially injurious events to the kidney.

nitially, the child had a severe episode of renal
ypoperfusion after the first surgical interven-
ion, requiring high doses of vasopressor med-

cations. It is important to note that SCr con-
entration may only increase substantially 24 to
2 hours after the injurious event, even though
TN is present.47 Shortly after this event, the
hild underwent CPB surgery. This procedure
s associated with direct ischemia to the kidney
s well as inflammatory reactions to extracor-
oreal circulation. Based on previous studies of
hildren undergoing CPB surgery, this infant
ad an at least 10% risk of developing SCr level
oubling, even without the prior ischemic
vents. Not surprisingly, the patient developed
KI with a SCr increase from 0.3 to 0.9 mg/dL
nd the lack of substantial increased urine out-
ut after the dose of furosemide suggests the
resence of ATN. The combination of fluid re-
uirements, an open chest requiring eventual
losure, and significant AKI should direct the
eam to perform RRT for fluid removal.

EFERENCES
1. Symons JM, Picca S. Acute kidney injury and dialysis

in children: illustrative cases. Sem Neph. 2008;28:
431-5.

2. Andreoli S. Clinical evaluation and management. In:
Avner E, Harmon W, Niaudet P, editors. Pediatric
nephrology. Philadelphia: Lippincott Williams and
Wilkins; 2004. p. 1233-52.

3. Hui-Stickle S, Brewer ED, Goldstein SL. Pediatric ARF
epidemiology at a tertiary care center from 1999 to
2001. Am J Kidney Dis. 2005;45:96-101.

4. Williams DM, Sreedhar SS, Mickell JJ, Chan JC. Acute
kidney failure: a pediatric experience over 20 years.
Arch Pediatr Adolesc Med. 2002;156:893-900.

5. Akcan-Arikan A, Zappitelli M, Loftis LL, Washburn
KK, Jefferson LS, Goldstein SL. Modified RIFLE criteria
in critically ill children with acute kidney injury. Kid-
ney Int. 2007;71:1028-35.

6. Chertow GM BE, 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.

7. Bailey D, Phan V, Litalien C, Ducruet T, Merouani A,
Lacroix J, et al. Risk factors of acute renal failure in
critically ill children: a prospective descriptive epide-
miological study. Pediatr Crit Care Med. 2007;8:29-35.

8. Medina Villanueva A, Lopez-Herce Cid J, Lopez Fer-
nandez Y, Anton Gamero M, Concha Torre A, Rey
Galan C, et al. [Acute renal failure in critically-ill
children. A preliminary study]. An Pediatr (Barc).
2004;61:509-14.

9. Vachvanichsanong P, Dissaneewate P, Lim A, McNeil
E. Childhood acute renal failure: 22-year experience
in a university hospital in southern Thailand. Pediat-
rics. 2006;118:e786-91.

0. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P.

Acute renal failure—definition, outcome measures, an-



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

3

3

Epidemiology and diagnosis of AKI 445
imal models, fluid therapy and information technology
needs: the Second International Consensus Conference
of the Acute Dialysis Quality Initiative (ADQI) Group.
Crit Care. 2004;8:R204-12.

1. Levey AS, Berg RL, Gassman JJ, Hall PM, Walker WG.
Creatinine filtration, secretion and excretion during
progressive renal disease. Modification of Diet in Re-
nal Disease (MDRD) Study Group. Kidney Int Suppl.
1989;27:S73-80.

2. Devarajan P. Cellular and molecular derangements in
acute tubular necrosis. Curr Opin Pediatr. 2005;17:
193-9.

3. Zappitelli M, Parikh CR, Akcan-Arikan A, Washburn KK,
Moffett BS, Goldstein SL. Ascertainment and epidemiol-
ogy of acute kidney injury varies with definition inter-
pretation. Clin J Am Soc Nephrol. 2008 Apr 16. [Epub
ahead of print].

4. Abosaif NY, Tolba YA, Heap M, Russell J, El Nahas
AM. The outcome of acute renal failure in the inten-
sive care unit according to RIFLE: model application,
sensitivity, and predictability. Am J Kidney Dis. 2005;
46:1038-48.

5. Hoste EA, Clermont G, Kersten A, Venkataraman R,
Angus DC, De Bacquer D, et al. RIFLE criteria for
acute kidney injury are associated with hospital mor-
tality in critically ill patients: a cohort analysis. Crit
Care. 2006;10:R73.

6. Kuitunen A, Vento A, Suojaranta-Ylinen R, Pettila V.
Acute renal failure after cardiac surgery: evaluation of
the RIFLE classification. Ann Thorac Surg. 2006;81:
542-6.

7. Lopes JA, Jorge S, Neves FC, Caneira M, da Costa AG,
Ferreira AC, et al. An assessment of the rifle criteria
for acute renal failure in severely burned patients.
Nephrol Dial Transplant. 2007;22:285.

8. Uchino S, Bellomo R, Goldsmith D, Bates S, Ronco C.
An assessment of the RIFLE criteria for acute renal
failure in hospitalized patients. Crit Care Med. 2006;
34:1913-7.

9. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C,
Warnock DG, et al. Acute Kidney Injury Network:
report of an initiative to improve outcomes in acute
kidney injury. Crit Care. 2007;11:R31.

0. Laterza OF, Price CP, Scott MG. Cystatin C: an im-
proved estimator of glomerular filtration rate? Clin
Chem. 2002;48:699-707.

1. Takuwa S, Ito Y, Ushijima K, Uchida K. Serum cysta-
tin-C values in children by age and their fluctuation
during dehydration. Pediatr Int. 2002;44:28-31.

2. Abrahamson M, Olafsson I, Palsdottir A, Ulvsback M,
Lundwall A, Jensson O, et al. Structure and expres-
sion of the human cystatin C gene. Biochem J. 1990;
268:287-94.

3. Grubb A. Diagnostic value of analysis of cystatin C
and protein HC in biological fluids. Clin Nephrol.
1992;38 Suppl 1:S20-7.

4. Grubb AO. Cystatin C—properties and use as diag-
nostic marker. Adv Clin Chem. 2000;35:63-99.
5. Silkensen J, Kasiske B. Laboratory assessment of kidney
disease: clearance, urinalysis and kidney biopsy. In:
Brenner B, editor. The kidney. 7th ed. Philadelphia:
W.B. Saunders; 2004. p. 1110-1.

6. Bokenkamp A, Domanetzki M, Zinck R, Schumann G,
Byrd D, Brodehl J. Cystatin C serum concentrations
underestimate glomerular filtration rate in renal trans-
plant recipients. Clin Chem. 1999;45:1866-8.

7. Dharnidharka VR, Kwon C, Stevens G. Serum cystatin
C is superior to serum creatinine as a marker of
kidney function: a meta-analysis. Am J Kidney Dis.
2002;40:221-6.

8. Filler G, Lepage N. Should the Schwartz formula for
estimation of GFR be replaced by cystatin C formula?
Pediatr Nephrol. 2003;18:981-5.

9. Grubb A, Nyman U, Bjork J, Lindstrom V, Rippe B,
Sterner G, et al. Simple cystatin C-based prediction
equations for glomerular filtration rate compared
with the modification of diet in renal disease predic-
tion equation for adults and the Schwartz and the
Counahan-Barratt prediction equations for children.
Clin Chem. 2005;51:1420-31.

0. Pham-Huy A, Leonard M, Lepage N, Halton J, Filler G.
Measuring glomerular filtration rate with cystatin C
and beta-trace protein in children with spina bifida.
J Urol. 2003;169:2312-5.

1. Zappitelli M, Parvex P, Joseph L, Paradis G, Grey V,
Lau S, et al. Derivation and validation of cystatin
C-based prediction equations for GFR in children.
Am J Kidney Dis. 2006;48:221-30.

2. Sjostrom P, Tidman M, Jones I. The shorter T1/2 of
cystatin C explains the earlier change of its serum
level compared to serum creatinine. Clin Nephrol.
2004;62:241-2.

3. Sjostrom P, Tidman M, Jones I. Cystatin C is an earlier
marker of changes in renal function than creatinine.
J Am Soc Nephrol. 2006;17:F-PO328. Available from:
http://www.abstracts2view.com/asn/index.php.

4. Ahlstrom A, Tallgren M, Peltonen S, Pettila V. Evolu-
tion and predictive power of serum cystatin C in
acute renal failure. Clin Nephrol. 2004;62:344-50.

5. Delanaye P, Lambermont B, Chapelle JP, Gielen J,
Gerard P, Rorive G. Plasmatic cystatin C for the esti-
mation of glomerular filtration rate in intensive care
units. Intensive Care Med. 2004;30:980-3.

6. Herget-Rosenthal S, Marggraf G, Husing J, Goring F,
Pietruck F, Janssen O, et al. Early detection of acute
renal failure by serum cystatin C. Kidney Int. 2004;
66:1115-22.

7. Herget-Rosenthal S, Pietruck F, Volbracht L, Philipp
T, Kribben A. Serum cystatin C—a superior marker of
rapidly reduced glomerular filtration after unine-
phrectomy in kidney donors compared to creatinine.
Clin Nephrol. 2005;64:41-6.

8. Herget-Rosenthal S, Trabold S, Huesing J, Heemann U,
Philipp T, Kribben A. Cystatin C—an accurate marker
of glomerular filtration rate after renal transplanta-
tion? Transpl Int. 2000;13:285-9.

9. Mazul-Sunko B, Zarkovic N, Vrkic N, Antoljak N, Beka-
vac Beslin M, Nikolic Heitzler V, et al. Proatrial natri-

uretic peptide (1-98), but not cystatin C, is predictive for

http://www.abstracts2view.com/asn/index.php


4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

5

5

5

6

6

6

6

446 M. Zappitelli
occurrence of acute renal insufficiency in critically ill
septic patients. Nephron Clin Pract. 2004;97:c103-7.

0. VanDeVoorde RG, Kathman TI, Ma Q, Kelly C, Mishra
J, Dent CA, et al. Serum NGAL and cystatin C as
predictive biomarkers for acute kidney injury [ab-
stract]. J Am Soc Nephrol. 2006;17:F-PO319.

1. Gallego N, Perez-Caballero C, Gallego A, Estepa R,
Liano F, Ortuno J. Prognosis of patients with acute
renal failure without cardiopathy. Arch Dis Child.
2001;84:258-60.

2. Loza R, Estremadoyro L, Loza C, Cieza J. Factors
associated with mortality in acute renal failure (ARF)
in children. Pediatr Nephrol. 2006;21:106-9.

3. Olowu WA, Adelusola KA. Pediatric acute renal fail-
ure in southwestern Nigeria. Kidney Int. 2004;66:
1541-8.

4. Van Why SK, Friedman AL, Wei LJ, Hong R. Renal
insufficiency after bone marrow transplantation in
children. Bone Marrow Transplant. 1991;7:383-8.

5. Michael M, Kuehnle I, Goldstein SL. Fluid overload
and acute renal failure in pediatric stem cell trans-
plant patients. Pediatr Nephrol. 2004;19:91-5.

6. Kist-van Holthe JE, Goedvolk CA, Brand R, van Weel
MH, Bredius RG, van Oostayen JA, et al. Prospective
study of renal insufficiency after bone marrow trans-
plantation. Pediatr Nephrol. 2002;17:1032-7.

7. 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 after
cardiac surgery. Lancet. 2005;365:1231-8.

8. Skippen PW, Krahn GE. Acute renal failure in chil-
dren undergoing cardiopulmonary bypass. Crit Care
Resusc. 2005;7:286-91.

9. Schwartz GJ, Haycock GB, Edelmann CM Jr, Spitzer A.
A simple estimate of glomerular filtration rate in chil-
dren derived from body length and plasma creatinine.
Pediatrics. 1976;58:259-63.

0. Foland JA, Fortenberry JD, Warshaw BL, Pettignano R,
Merritt RK, Heard ML, et al. Fluid overload before
continuous hemofiltration and survival in critically ill
children: a retrospective analysis. Crit Care Med.
2004;32:1771-6.

1. Goldstein SL, Currier H, Graf C, Cosio CC, Brewer ED,
Sachdeva R. Outcome in children receiving continu-
ous venovenous hemofiltration. Pediatrics. 2001;107:
1309-12.

2. Lameire N, Van Biesen W, Vanholder R. Acute renal

failure. Lancet. 2005;365:417-30.
3. Bunchman TE, McBryde KD, Mottes TE, Gardner JJ,
Maxvold NJ, Brophy PD. Pediatric acute renal failure:
outcome by modality and disease. Pediatr Nephrol.
2001;16:1067-71.

4. Symons JM, Chua A, Somers MJ, Baum M, Bunchman
TE, Benfield MR, et al. Demographic characteristics of
pediatric continuous renal replacement therapy: a
report of the prospective Pediatric Continuous Renal
Replacement Therapy Registry. Clin J Am Soc Neph-
rol. 2007;2:732-8.

5. Askenazi DJ, Feig DI, Graham NM, Hui-Stickle S, Gold-
stein SL. 3-5 year longitudinal follow-up of pediatric
patients after acute renal failure. Kidney Int. 2006;69:
184-9.

6. Kist-van Holthe JE, van Zwet JM, Brand R, van Weel
MH, Vossen JM, van der Heijden AJ. Bone marrow
transplantation in children: consequences for renal
function shortly after and 1 year post-BMT. Bone
Marrow Transplant. 1998;22:559-64.

7. Frisk P, Bratteby LE, Carlson K, Lonnerholm G. Renal
function after autologous bone marrow transplanta-
tion in children: a long-term prospective study. Bone
Marrow Transplant. 2002;29:129-36.

8. Arora P, Kher V, Rai PK, Singhal MK, Gulati S, Gupta
A. Prognosis of acute renal failure in children: a mul-
tivariate analysis. Pediatr Nephrol. 1997;11:153-5.

9. Otukesh H, Hoseini R, Hooman N, Chalian M, Chalian
H, Tabarroki A. Prognosis of acute renal failure in
children. Pediatr Nephrol. 2006;21:1873-8.

0. Balduzzi A, Valsecchi MG, Silvestri D, Locatelli F,
Manfredini L, Busca A, et al. Transplant-related toxic-
ity and mortality: an AIEOP prospective study in 636
pediatric patients transplanted for acute leukemia.
Bone Marrow Transplant. 2002;29:93-100.

1. Huang SC, Wu ET, Chen YS, Chang CI, Chiu IS, Chi
NH, et al. Experience with extracorporeal life sup-
port in pediatric patients after cardiac surgery. ASAIO
J. 2005;51:517-21.

2. Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang
J, et al. Identification of neutrophil gelatinase-associ-
ated lipocalin as a novel early urinary biomarker for
ischemic renal injury. J Am Soc Nephrol. 2003;14:
2534-43.

3. Backer CL, Kelle AM, Stewart RD, Suresh SC, Ali FN,
Cohn RA, et al. Aprotinin is safe in pediatric patients
undergoing cardiac surgery. J Thorac Cardiovasc

Surg. 2007;134:1421-8.


	Epidemiology and Diagnosis of Acute Kidney Injury
	EPIDEMIOLOGY
	Definition and Study Population Characteristics
	Serum Creatinine Level and Estimated Baseline Renal Function
	Risk, Injury, Failure, Loss, End-Stage Kidney Disease Criteria
	Cystatin C

	ETIOLOGY AND RISK FACTORS
	CLINICAL FEATURES AND DIAGNOSIS
	OUTCOME
	RETURN TO CLINICAL CASES
	Clinical Case 1: Sepsis/Multiple Organ Dysfunction Syndrome
	Clinical Case 2: AKI After Stem Cell Transplantation
	Clinical Case 3: CPB

	REFERENCES


