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Acute Kidney Injury in
Pediatric Stem Cell Transplant Recipients

Joseph DiCarlo, MD,* and Steven R. Alexander, MD†

Summary: Because respiratory dysfunction after hematopoietic stem cell transplantation is a
manifestation of a continuum of dysfunction temporarily induced by the transplant process,
a proactive rather than reactive approach might prevent or attenuate its progression to acute
respiratory distress syndrome. Organ dysfunction in this population results from cytokine-
driven processes, of which the first manifestation includes fluid accumulation. We describe a
multistep protocol that first targets fluid balance control, both through restriction of intake
and through augmentation of output using dopamine and furosemide infusions. If these steps
fail to stem the tide of water accumulation, we advocate the relatively early use of continuous
renal replacement therapy, its use triggered by a continued increase in body weight (�10%
above baseline), an increasing c-reactive protein level, and an increasing oxygen need. Renal
function parameters do not figure in this protocol. We recommend continuous renal replace-
ment therapy at 35 mL/kg/h (2,000 mL/1.73 m2/h), a dose that allows adequate flexibility in
fluid management and that may provide effective clearance of proinflammatory (and anti-
inflammatory) mediators that drive the evolving dysfunction. Proactive intervention improves
the clinical status such that the transition to mechanical ventilation may proceed smoothly or
in some cases even may be avoided altogether.
Semin Nephrol 28:481-487 © 2008 Elsevier Inc. All rights reserved.
Keywords: Stem cell transplant, idiopathic pneumonia syndrome, respiratory failure,
hemofiltration
w
d
(
o
c
s
b
m
t
e
t
c
o

i
h
W
A
u
p
p
g

 he case presented by Symons and Picca1

of a pediatric stem cell transplant patient
who develops acute kidney injury (AKI)

ighlights the clinical complexity of such cases.
he conditioning regimen, severe immunosup-
ression and routine requirement for nephro-
oxic medications and high volumes of blood
roducts place stem cell transplant recipients at
igh risk for AKI and present unique challenges
or fluid management and renal replacement
herapy provision. The stem cell transplant
SCT) patient narrative describes a scenario fa-
iliar to practitioners of hematopoietic stem

ell transplantation, nephrology, and critical
are medicine. Inevitably, all 3 disciplines will
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ork together in support of this child who has
eveloped the idiopathic pneumonia syndrome
IPS) after transplantation. In fact, the level of
rgan dysfunction described likely fulfills the
linical criteria for the acute respiratory distress
yndrome (ARDS). The case report delineates
oth the classic time course for the develop-
ent of respiratory complications and the usual

herapeutic maneuvers used in dealing with the
volving crisis. The multidisciplinary team in
his case may in fact be able to support this
hild, but some therapeutic decisions (and
missions) have made the job more difficult.

We discuss why respiratory dysfunction ex-
sts after transplantation, how it evolves, and
ow the caregivers can monitor its evolution.
ith an appreciation of posttransplantation

RDS as the unfortunate end result of a contin-
um of dysfunction, one might envision a more
roactive approach to the care of the child (and
erhaps the adult) developing IPS, with the
oal of preventing or attenuating its progres-

ion to ARDS.
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RIGINS OF ORGAN DYSFUNCTION

hemotherapy and total body irradiation are
sed routinely in the preparation for hemato-
oietic stem cell transplantation, both of which
re capable of damaging native cells and trig-
ering an inflammatory response. In addition,
uring engraftment donor cells may contribute
o ongoing inflammation. The majority of hema-
opoietic stem cell recipients manifest some
egree of systemic (and therefore pulmonary)

nflammation, subsiding over days to weeks. In
few, the process escalates insidiously, result-

ng in respiratory insufficiency and failure. Mul-
iple factors contribute to respiratory failure
fter hematopoietic SCT, including hydrostatic
ulmonary edema, capillary leak, alveolar hem-
rrhage, infection, and direct cytotoxic injury

nduced by radiation or chemotherapy. Large
olumes of intravenous fluids are administered
o hematopoietic stem cell recipients, but it is
nlikely that hydrostatic pulmonary edema
lone is responsible for respiratory failure. Most
atients with respiratory failure show a pro-
rome of ongoing inflammation that includes
ever, a progressive need for supplemental ox-
gen, and hemodynamic instability, often re-
uiring support with cardiotropic agents such
s dopamine. In the first 60 days after transplan-
ation, respiratory infection is documented in
nly a minority of patients with respiratory in-
ufficiency. The more common scenario is of
moldering lung damage (IPS) accompanied by
ystemic inflammation that has been initiated
y the preparatory regimen.2

Animal models of allogeneic transplantation
rovide evidence that pulmonary and systemic

nflammation are an inevitable result of cyto-
ine-driven feedback loops. Initial activity is
riggered by intestinal mucosal damage and
ranslocation. Increased levels of neutrophils,
ndotoxin (lipopolysaccharide), components
f the lipopolysaccharide amplification system
lipopolysaccharide-binding protein [LBP] and
oluble CD14), and tumor necrosis factor-�
TNF-�) can be found in bronchoalveolar lavage
uid. Evidence suggests that because intestinal

njury precedes lung changes by a week or
ore, endotoxin enters the bronchoalveolar

uid after translocating across the damaged gut

ndothelium.3 Pharmacologic neutralization of u
NF-� delays lung injury induced by donor T
ells, but injury ultimately still occurs, probably
hrough other proinflammatory pathways.4 As
ngraftment occurs, donor cells also contribute
o ongoing inflammation in allogeneic trans-
lant recipients. Minor histocompatibility anti-
ens on host cell surfaces can be important
onstant stimuli to donor cells in the pathogen-
sis of IPS.5 For instance, pneumonitis and
ononuclear cell infiltration around vessels and

ronchioles are observed 6 weeks after alloge-
eic transplantation, but not in animals under-
oing syngeneic transplantation. T-cell reactiv-
ty to host antigens is centered on the lung (ie,
t is not present in the spleen). Perhaps small
umbers of mature immunocompetent donor T
ells can induce relatively isolated pulmonary
amage.

LINICAL MANIFESTATIONS

n the clinical setting, cytokine-driven inflam-
ation manifests as mild to moderate pulmo-

ary and cardiac insufficiency that tends to
eak around the tenth posttransplant day. The
ytokine profile is dominated by interleukin-2
IL-2), IL-6, and interferon-� in the first few days
the aplastic phase).6 By the 14th day (leuko-
yte recovery phase), the profile is dominated
y IL-8 and TNF-�. The c-reactive protein (CRP)

evel correlates well with the degree of IL-6
ctivity in transplant recipients.7 The few pa-
ients who go on to develop serious pulmonary
omplications show a relatively more robust
egree of inflammation, manifested as a CRP

evel well above 10 mg/dL (100 mg/L) on the
0th day.8,9

Although direct invasion of lung tissue by a
athogen, such as aspergillus or certain viruses,
an be responsible for respiratory failure in the
ransplant recipient, bronchoalveolar lavage
uid obtained at bronchoscopy identifies an
ffending agent in only 46% to 52% of at-
empts.10,11 But even in the infected host, the
everity of the pulmonary dysfunction is influ-
nced greatly by the degree of capillary leak
nduced by the cytokine-instigated process de-
cribed earlier. Epidemiologic reports on post-
ransplant respiratory failure tend to cluster pa-
ients by type of transplant (donor matched or

nmatched, related or unrelated), and by the
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ARDS in stem cell transplant recipients 483
resence or absence of a pulmonary or sys-
emic pathogen, a system that tends to mask the
everely deleterious impact of IPS on transplant
utcomes. In pediatric and adult SCT recipients
ho require mechanical ventilatory support,
ortality rates have been reported to range

rom 56% to as high as 90%.12-15 Although trans-
lant epidemiologic data are not usually config-
red to track the incidence of ARDS, the criteria
or that clinical diagnosis probably were met
ore often than not. In our own center, before

he addition of early hemofiltration to the treat-
ent regimen, mortality rates had been 85% for

hildren posttransplant who developed respira-
ory failure meeting ARDS criteria and who
eeded mechanical ventilatory support for
ore than 48 hours.16

Clinically relevant organ dysfunction devel-
ps in many recipients in the days to weeks
fter transplantation. The driving force is the
ytokine sequence that begins in the damaged
astrointestinal tract and smolders in most re-
ipients for 1 to 3 weeks after transplantation.
n a minority, however, the dysregulated im-
une response persists. It is perhaps most use-

ul to envision that in the immediate posttrans-
lant period, respiratory insufficiency might be
aused by the presence of an invading patho-
en, but it always is influenced by the degree of
apillary leak induced by a systemic cytokine-
riven process, which itself was initiated by
ellular damage from the preparatory regimen.
ulmonary insufficiency may seem to precede
ardiac and renal dysfunction, but they are
ore likely developing in parallel, not in series.
lthough pulmonary function worsens most
ramatically, cardiac and renal dysfunction are
eveloping concomitantly. ARDS and multiple
rgan failure are the clinical end points of a
rocess that is triggered by an infectious or
oninfectious cause but is mediated by un-
hecked cytokine and chemokine feedback
oops.

Contemporary critical care for ARDS centers
n the nonprovocative support of the lungs for
period of days during which time immuno-

egulatory mechanisms might restore order. In
he previously normal young host this is a rea-
onable expectation. However, in the setting of

mmune dysregulation that characterizes the m
mmediate posttransplant period, once cyto-
ine-driven multiple organ dysfunction is en-
renched, it may last for weeks if the patient
urvives at all. In this setting, inflammatory ac-
ivity continues relatively unabated, and resto-
ation of order seems an unlikely prospect. But
s it? Or are we missing opportunities, both to

inimize pulmonary mechanical difficulties
nd to slow the cytokine-driven component? If
e can control the overall accumulation of wa-

er, will we provide more time for the restora-
ion of order? And if we can somehow reduce
he overall load of proinflammatory (and anti-
nflammatory) cytokines and other dysregula-
ory biochemicals, will order be restored more
uickly?

HERAPEUTIC STRATEGIES

wo assumptions inform our strategy for the
upport of the child with evolving respiratory
nsufficiency after transplantation (or chemo-
herapy). The first is that pulmonary, cardiac,
nd renal dysfunction are the clinical manifes-
ations of an uncontrolled cytokine-driven pro-
ess triggered by the transplant preparatory
egimen and possibly worsened by an infec-
ious agent. The second is that those pulmo-
ary, cardiac, and renal dysfunctions are devel-
ping in parallel, not in series. With these
ssumptions in mind, we propose the following
herapeutic approach: (1) accurately record
nd track the intake and output of fluids, and
2) weigh the patient daily.

Despite being standard components of post-
ransplantation care, serial patient weights and
he careful tracking of intake and output of
uids often are used ineffectively in monitoring
or evolving organ dysfunction. Intake and out-
ut should be totaled over several days as well
s within a discrete 24-hour period. Daily
eighing of the patient is essential and must be

ontinued despite patient discomfort or in-
reasing complexity of care.

btain Serial Measurements of
RP Levels (Perhaps Every 3 Days)

erial measurement of the CRP level may help
o identify patients most at risk of serious pul-

onary complications.9 A strong upward trend
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484 J. DiCarlo and S.R. Alexander
ay strengthen the case for proactive interven-
ion as described later; likewise a trend toward
ormalization may parallel a clinical impression
f diminishing inflammatory activity. Serum fer-
itin concentration also has been suggested as a
seful marker of inflammation after transplanta-
ion. Dramatic increases in ferritin levels (ie,
5,000 ng/mL [5,000 mcg/L]) seem to occur
ost commonly in the hemophagocytic syn-

rome and in patients with serious complications
fter chemotherapy or hematopoietic stem cell
ransplantation.17,18

urosemide and Dopamine Infusions

threshold increase in weight (such as 5%
bove baseline) should trigger the initiation of
nfusions of furosemide at adequate doses (0.1-
.4 mg/kg/h) and dopamine infusion at 3 to 8
cg/kg/min.19 The goal of these therapies is to
revent worsening fluid overload.
Diminishing urine output in the face of sig-

ificant weight gain in the transplant recipient
s tied to cytokine-mediated capillary leak phe-
omena. Urine output less than a certain thresh-
ld (eg, �1 mL/kg/h) should not prompt in-
reased infusions of crystalloid or colloid unless
here is unequivocal evidence of dehydration
ie, weight is less than baseline, and, if accessi-
le, central venous pressure is low). In oliguric
atients in whom the clinical picture is not
lear, commonly used indices of renal function
uch as the fractional excretion of sodium or
rea may help to identify those prerenal pa-
ients who will benefit from further fluid load-
ng. However, in the posttransplant setting as
escribed earlier these patients are uncommon;
ost often, increasing the fluid intake simply

rives pulmonary edema formation.
In the case described earlier1 the proper time

o have initiated nephrology and/or critical care
onsultation and a protocol-driven, step-wise
pproach to fluid management intervention
ould have been with the first sign of dwin-
ling urine output (ie, at least 2 days earlier).
he patient’s weight should have been docu-
ented daily. When her weight increased from

0 kg to 42 kg (ie, a 5% increase), a furosemide
nfusion should have been started at 0.1 to 0.2

g/kg/h. The furosemide infusion is incompat-

ble with many common medications, so it will u
ikely monopolize an intravenous lumen. She
ight need a new peripheral intravenous line

r an additional central line. The infusion
hould be increased to 0.3 to 0.4 mg/kg/h if
eed be, with a goal of keeping her weight less
han 42 kg. In addition, we recommend an
nfusion of dopamine beginning at 5 mcg/kg/

in. This may be all that is needed to avoid
espiratory failure.20

In some children, the response to the furo-
emide and dopamine infusion is brisk, and the
ardiovascular system compensates for the de-
rease in filling volumes by efficiently mobiliz-
ng tissue fluid. Within 1 to 3 days the CRP level
eaks and then declines, and oxygen needs
iminish. Furosemide and dopamine are discon-
inued when clinically indicated.

In others, however, symptoms of pulmonary
nsufficiency persist. Chest roentgenograms should
e obtained frequently (eg, daily if symptoms
nd oxygen needs increase).

At this point discussions should commence
n the advisability of a bronchoscopy if a caus-
tive infectious agent is being sought. The prac-
ical issue with bronchoscopy is that the proce-
ure itself, which includes the instillation of
aline to obtain diagnostic material, might bring
he patient one step closer to invasive mechan-
cal ventilation. At 5% above baseline weight,
ulmonary insufficiency may be apparent but
he child likely has plenty of reserve.

RRT if Fluid Accumulating

subsequent increase in weight (to 10% above
aseline), or progression in pulmonary edema
espite negative fluid balance, should trigger
he initiation of continuous renal replacement
herapy (CRRT) at an adequate dose, at least 35
L/kg/h (2,000 mL/1.73 m2/h).
Worsening pulmonary edema despite a con-

istently negative fluid balance enabled by the
urosemide infusion is an entirely realistic sce-
ario in the face of cytokine-induced capillary

eak. Usually the CRP concentration remains
ncreased, and pulmonary function and symp-
oms worsen. The child may now show signif-
cantly increased work of breathing, and may
eed high-flow nasal cannula oxygen or contin-

ous or bilevel positive airway pressure venti-



l
s

n
s
b
a
r
s
i
m
i
t
m
s
t
d

c
p
t
i
e
s
a
a
t
i
W
p
i
a
d
f
l
s
c
n
a
t

(
fi
o
s
m
fl
d
d
i

C
f
t
m
i
m
t
(
a
(
t
m
t
s
c
p
a
i
t
h
m
r
t
s
t
l
f
a
r
a
t
v
l

l
s
t
t
a
a
u
i
c
i
P
i
c
2

ARDS in stem cell transplant recipients 485
ation delivered by mask to maintain oxygen
aturation above 93%.

A confluence of clinical thresholds dictates the
ext step in the protocol: (1) progression in
ymptomatic respiratory insufficiency manifested
y escalating noninvasive support, (2) continued
ccumulation of edema in the lungs, (3) lack of
enal response to an escalating dose of furo-
emide, and (4) laboratory evidence of ongoing
nflammation (eg, increased CRP levels). With

ost or all of these components present there
s a high likelihood of further clinical deteriora-
ion, subsequent endotracheal intubation, and
echanical ventilation. At this point CRRT

hould be initiated, with the aim of preventing
hat eventuality, or attenuating the severity and
uration of respiratory failure.

Although CRRT has been in use in critical
are units worldwide for more than 20 years,
ractice patterns remain heterogeneous both in
erms of time of initiation and the mode used. It
s used most commonly in the patient with
stablished multiple organ failure. In severe
eptic shock, failure of the cardiac, pulmonary,
nd renal systems may progress swiftly and are
pparent at presentation. CRRT typically is ini-
iated in the first to third day after endotracheal
ntubation and therapy with cardiotonic agents.

hen multiple organ failure evolves from a
redominantly pulmonary presentation (ARDS)

n the normal host, cardiac and renal function
re relatively spared initially and CRRT often is
elayed a number of days until renal failure is
ully established. In a given institution the time-
ine may be moved up if the clinicians ascribe
ome weight to an immunomodulatory role for
ontinuous hemofiltration in addition to its re-
al replacement capabilities, or if excess lung
nd total body water pose mechanical difficul-
ies for pulmonary function.

In the SCT population with evolving ARDS
and in other patients with serious immunode-
ciency, such as after chemotherapy) we rec-
mmend the early deployment of CRRT in a
tep-wise escalation of therapy.21 In a penulti-
ate step we attempt to establish a negative

uid balance with infusions of furosemide and
opamine.19 A lack of renal response to the
iuretic and cardiotonic, coupled with a further
ncrease in weight, triggers the initiation of p
RRT, which in our center is typically in the
orm of continuous venovenous hemodiafiltra-
ion. In deference to its potential immuno-
odulatory function the prescription should

nclude a hemofiltration dose of at least 35
L/kg/h (2,000 mL/1.73 m2/h). Strategic objec-

ives with hemofiltration in this setting include
1) strict fluid balance control with a return to
nd maintenance of baseline weight; and
2) the constant exchange of extracellular wa-
er, and concomitant with this exchange, the
obilization of water-soluble components of

he inflammatory cascade. The purely diffu-
ive mode of continuous renal replacement,
ontinuous venovenous hemodialysis (CVVHD),
romotes a modest degree of interstitial fluid
nd solute movement through gradual re-equil-
bration. In the convective modes (hemofiltra-
ion [CVVH] and diafiltration [CVVHDF]), each
our 500 to 3,000 mL of crystalloid replace-
ent fluid is infused intravenously to offset

emoval of ultrafiltrate. A significant portion of
he crystalloid redistributes to the extracellular
pace and may help to wash out the intersti-
ium, mobilizing mediators, proteins, extracel-
ular matrix material (eg, hyaluronan, whose
ragments function in inflammatory signaling),
nd cellular wastes, some of which might be
emoved at the hemofilter. But mobilization
lso might facilitate removal or metabolism of
hese toxins, waste products, and mediators at
arious organs and other sites as well (eg, the
iver, spleen, and red blood cell).22

In the setting of respiratory failure that is
ikely being driven by cytokines and other tis-
ue-derived inflammatory mediators, we believe
hat diffusive and convective modes of hemofil-
ration are likely not fully interchangeable from

therapeutic standpoint. Unlike with CVVH
nd CVVHDF, when diffusion alone (CVVHD) is
sed there is no large-volume replacement fluid

nfusion that has the potential to maximize ex-
hange of water and solutes at the level of the
nterstitium. Recent data from the Prospective
ediatric CRRT (ppCRRT) Registry group showed

ncreased survival in SCT recipients who received
onvective CRRT versus CVVD (59% versus
7%; P � .05).23

We have set the target for minimum ultrafiltrate

roduction somewhat arbitrarily at 35 mL/kg/h
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486 J. DiCarlo and S.R. Alexander
2,000 mL/1.73 m2/h), extrapolating from a pro-
pective survival comparison of 3 doses of con-
ective clearance (20, 35, and 45 mL/kg/h) con-
ucted in a large series of adult patients with
cute renal failure.24 The survival advantage of
he higher clearance goals in this randomized se-
ies held up in the subgroup with sepsis/ARDS. In
ur own experience, early introduction of
VVHDF targeting ultrafiltration at these rates in

he setting of IPS after stem cell transplantation or
hemotherapy has been associated with a reduc-
ion in mortality to less than 30%.21

UMMARY

e thus advocate a proactive approach to the
hild with evolving multiple organ dysfunction
fter transplantation. Monitoring of all trans-
lant recipients should emphasize the funda-
entals of fluid balance to detect and follow

xtracellular water accumulation as a clinical
orrelate for disease severity. Serial laboratory
easurements of CRP concentrations and per-
aps ferritin concentrations can corroborate
he clinical impression of disease progression.
herapeutic interventions then should focus on
melioration of water accumulation rather than
argeting biochemical parameters of renal func-
ion, with furosemide and dopamine infusions
iving way to CRRT in the form of CVVH or
VVHDF if fluid balance (ie, body weight) tar-
ets are not met. It is highly likely that the
ymptomatic child who has accumulated extra-
ellular water in excess of 10% of baseline body
eight will continue to accumulate water, con-

ributing to pulmonary dysfunction that even-
ually may reach the crisis stage. CRRT initiated
n response to a fluid accumulation threshold
ather than according to biochemical renal pa-
ameters may improve the clinical status such
hat the transition to mechanical ventilation
ay proceed smoothly or in some cases even
ay be avoided altogether.
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