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Abstract
Acute kidney injury (AKI) is a common accompaniment in patients with liver disease. The causes, risk factors, manifestations
andmanagement of AKI in these patients vary according to the liver disease in question (acute liver failure, acute-on-chronic liver
failure, post-liver transplantation or metabolic liver disease). There are multiple causes of AKI in patients with liver disease—pre-
renal, acute tubular necrosis, post-renal, drug-induced renal failure and hepatorenal syndrome (HRS). Definitions of AKI in liver
failure are periodically revised and updated, but pediatric definitions have still to see the light of the day. As our understanding of
the pathophysiology of liver disease and renal involvement improves, treatment modalities have become more advanced and
rationalized. Treatment includes reversing precipitating factors, such as infections and gastrointestinal bleeding, volume expan-
sion, paracentesis and vasoconstrictors. This approach is tried and tested in adults. A pediatric tailored approach is still lacking
due to inadequate numbers of patients, differences in causes of AKI and paucity of literature. In this review, we attempt to explore
the pathophysiological basis, treatment modalities and controversies in the diagnosis and treatment of AKI in pediatric patients
with chronic liver disease and discuss our own personal practice. We recognize that, although it is not a very commonly
encountered entity in pediatric population, HRS has specific diagnostic criteria and treatment modalities that differ from other
causes of AKI in patients with chronic liver disease; hence among the etiologies of kidney injury in patients with chronic liver
disease, we focus here on HRS.
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Introduction

The association between liver disease and renal failure has
been known for over a century. In the 1800s, Flint and co-
workers performed extensive work on this association of
kidney involvement in patients with liver disease [1].
Renal involvement in childhood liver diseases is not un-
usual in the context of genetic conditions with multisystem
involvement, such as Alagille syndrome [2, 3] and meta-
bolic disorders either related to an enzymatic defect in the
liver causing renal impairment, such as primary
hyperoxaluria, or other conditions, such as organic
acidurias, urea cycle disorders or glycogen storage disor-
ders, among others. [4, 5]. However, these are known as-
sociations of renal involvement in patients with liver

disease. Kidney involvement in those liver diseases where
kidney injury is not present initially but takes place in an
acute setting is a completely different entity. Though acute
kidney injury (AKI) has been extensively studied in pa-
tients with non-liver conditions, it is only recently that
clinicians have started to explore the importance of AKI
in patients with liver disease. The incidence and prognosis
of AKI in patients with liver disease varies depending on
the liver disease in question—acute liver failure, chronic
liver disease, acute-on-chronic liver failure (ACLF), post-
liver transplantation or metabolic liver disease. AKI is as-
sociated with a tenfold increase in mortality in patients
admitted to critical care [6]. It has been observed that ap-
proximately 20% of patients hospitalized with cirrhosis
develop AKI [7]. In this review, we explore some of these
issues and current dilemmas in the diagnosis and manage-
ment of AKI in liver failure, especially in patients with
chronic liver disease. We would like to emphasize that
there is an extreme paucity of data in the pediatric litera-
ture, and most of the concepts are extrapolations from the
adult literature.
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The natural history of chronic liver disease

Most affected children develop end-stage liver disease sec-
ondary to chronic liver disease that originated during infancy.
The most important underlying disease in these children is
biliary atresia. Though there are many similarities between
the pathophysiology of chronic liver disease in children and
adults, there are important differences as well, the most nota-
ble being failure to thrive in children, which includes the in-
ability to gain adequate weight and linear growth, nutritional
deficiencies (e.g. fat-soluble vitamins) and impairment of de-
velopmental growth.

Before we discuss AKI in patients with chronic liver dis-
ease, it is vital to understand the progression of liver disease in
these patients. The natural history of cirrhosis passes through
two stages—an asymptomatic phase which is well compen-
sated and usually followed by a progressive phase character-
ized by the development of complications of portal hyperten-
sion and/or synthetic liver failure. Here we need to differenti-
ate between a cirrhotic patient whose underlying liver disease
worsens accompanied by the development of complications,
including portal hypertension and renal dysfunction, as op-
posed to a stable patient with chronic liver disease with rea-
sonable liver reserve who gets hit by a precipitating event like
bleeding, infection or volume loss, which converts a ward
level patient into a high-intensity patient with multi-organ
failure, including renal involvement (Fig. 1). In both scenari-
os, kidney involvement can take place, though the prognosis
will be different.

AKI in liver disease—definitions

The diagnosis of AKI in patients with non-liver disease using
the pRIFLE (Pediatric Risk, Injury, Failure, Loss of function
and End-stage renal disease), AKIN (Acute Kidney Injury
Network) or KDIGO (Kidney Disease for Improving Global
Outcomes) criteria is based on two parameters, namely the
absolute value of serum creatinine (SCr) or percentage change
from baseline SCr plus urine output. These two parameters

form the basis of diagnosis and eventual staging of severity
[8–10]. Unfortunately, the AKI definitions used in patients
with cirrhosis have not been very well developed and lack
standardization and sensitivity [11, 12].

There is a problemwith both of these parameters in patients
with cirrhosis. SCr is affected by two important factors, mus-
cle mass and liver synthetic function, both of which are im-
paired in advanced liver disease. Baseline SCr is significantly
lower in patients with cirrhosis due to protein malnutrition and
muscle wasting [13–16]. In addition, changes in SCr are small
and delayed for any given change in glomerular filtration rate
(GFR), resulting in an underestimation and, unfortunately,
impairing the recognition of changes in GFR in patients with
cirrhosis [17, 18]. Therefore, more than 50% of glomerular
functionmay be lost before the diagnosis of AKI is considered
[19, 20], possibly delaying timely access to AKI management
and adversely affecting prognosis. In addition, bilirubin is
known to interfere with assays, where hyperbilirubinemia
masks rises in SCr [17].

The use of oliguria as a diagnostic criterion for AKI in
patients with cirrhosis is also flawed. These patients might
have decreased urine output, yet may have relatively normal
GFR. Urine output might also be decreased because of intra-
abdominal hypertension secondary to massive ascites. On the
other hand, urine output may be artificially increased with the
use of diuretics. Therefore, decreased or increased urine out-
put in patients with cirrhosis must be interpreted with caution.
Thus, despite all its drawbacks, kinetic changes in SCr are
used as the single most important parameter in the definition
of diagnosis of AKI in patients with cirrhosis [12, 21].

In view of these difficulties in definingAKI in patients with
liver disease, the second International Consensus Conference
of the Acute Dialysis Quality Initiative (ADQI) in 2010 de-
fined the term Bhepatorenal disorders (HRD)^ to describe pa-
tients with advanced cirrhosis and concomitant renal dysfunc-
tion. This definition allowed inclusion of any form of renal
disease occurring concomitantly with cirrhosis [11]. The first
important difference in these guidelines is that the urine output
component (which is a key feature of AKI diagnostic criteria
in non-liver disease patients) has been removed as a criterion

Fig. 1 Natural history of acute
kidney injury in liver disease.
GFR Glomerular filtration rate,
AKI acute kidney injury
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to diagnose AKI in patients with liver disease [11, 12, 22].
Secondly, it is recommended that a delta increase in SCr from
baseline is considered rather than the absolute value. Hence,
the conventional criterion of a rise of SCr to reach an absolute
value of 1.5 mg/dl to diagnose AKI in a patient with liver
disease has been removed [12, 23]. These revised definitions
are given in Table 1.

Classification of kidney injury in liver failure

Acute kidney injury in liver failure can be multifactorial. The
predominant causes of AKI in cirrhosis can be either function-
al or structural. Functional causes include pre-renal azotemia
and hepatorenal syndrome (HRS), while structural causes are
predominantly due to intrinsic renal disease which may be
tubulo-interstitial or glomerular in origin [26]. The importance
of etiopathological diagnosis was demonstrated by Martín-
Llahí et al., who found that the most common causes of AKI
in cirrhosis were pre-renal azotemia, acute tubular necrosis
(ATN) and HRS [27]. Other studies found infection to be a
predominant cause for AKI in patients with chronic liver dis-
ease (biliary or gastrointestinal tract infections, spontaneous
bacterial peritonitis and urinary tract infection) [28, 29]. A
study by Belcher et al. found that of the total 188 patients with
cirrhosis, 53% had ATN, 26% had pre-renal azotemia and

22% were diagnosed with HRS [30]. The common causes of
AKI in liver disease are enumerated in Table 2.

Kidney injury in ACLF

Acute-on-chronic liver failure is a specific syndrome charac-
terized by acute decompensation (which may be due to hem-
orrhage, bacterial infection or massive paracentesis) in a pa-
tient with chronic liver disease. It is associated with organ
failure and high short-term mortality (28-day mortality 29.7–
33.9% vs. 1.9% among patients who do not develop ACLF)
[31, 32]. In adults, the majority of patients who develop ACLF
will have chronic liver disease of varying etiologies, whereas
in the pediatric patient population obvious chronic liver dis-
ease is recognized only in a limited number of conditions, the
majority of which include biliary atresia, Wilson’s disease and
autoimmune liver disease. Triggers for precipitation of acute
liver insufficiency will depend upon geographic location,
timing of diagnosis and severity of the presentation.

The Chronic Liver Failure (CLIF) Consortium has pro-
posed using the CLIF Consortium-Sequential Organ Failure
Assessment (CLIF-SOFA) score at admission to screen all
cirrhotic patients for the diagnosis of ACLF [33]. This score,
unlike previous scores for liver patients, has kidney dysfunc-
tion at the heart of classifying patients for severity of liver
failure and subsequent management and transplantation: the
more severe the kidney injury, the poorer the prognosis. This
score has been tested in adults but needs validation in the
pediatric patient population. Alam et al. were able to demon-
strate the application and reliability of the CLIF-SOFA score
in a pediatric setting and its preference over other severity
scores, including models for end-stage liver disease and pedi-
atric end-stage liver disease [34].

Table 2 Causes of acute kidney injury in liver failure [6, 7, 11, 12,
23–26, 28]

Causes of acute kidney injury (AKI) in liver failure

Functional causes

• Pre-renal azotemia: volume responsive states include shock,
dehydration, sepsis, decreased intake of fluids, excessive
gastrointestinal losses including diarrhea, vomiting and
gastrointestinal bleeding

• HRS type 1 and 2: (volume unresponsive state): now called as
HRS-AKI [12]

Structural causes

• Intrinsic renal disease as acute tubular necrosis (ATN),
tubulo-interstitial and glomerular diseases

• Post-renal AKI—obstruction
(Post-transplant AKI is a separate entity with multifactorial causation)

HRS, Hepatorenal syndrome; HRS-AKI, HRS type of AKI

Table 1 Diagnosing and staging of acute kidney injury in liver failure
[7, 8, 11, 12, 24, 25]

Revised definitions for the diagnosis and staging of AKI in liver failure

Baseline SCr: a value of SCr obtained in the previous 3 months, when
available, can be used as baseline SCr. In patients with more than one
value within the previous 3 months; the value closest to the admission
time to the hospital should be used.

In patients without a previous SCr value, the SCr value on admission
should be used as baseline.

Definition of AKI:
• Increase in SCr of ≥ 0.3 mg/dl (≥ 26.5 mmol/L) within 48 h; or
• A percentage increase in SCr of ≥ 50% from baseline ,which is known,
or presumed, to have occurred within the prior 7 days

No response: no regression of AKI
Partial response: regression of AKI stage with a reduction of SCr to ≥

0.3 mg/dl (26.5 μmoll/L) above the baseline value
Full response: return of SCr to a value within 0.3 mg/dl (26.5 μmol/L) of

the baseline value.

Staging of AKI (ICA-AKI criteria)
• Stage 1: increase in SCr of ≥ 0.3 mg/dl (26.5 μmol/L) or an increase in
SCr of ≥ 1.5- to 2-fold from baseline.

• Stage 2: increase in SCr of > 2- to 3-fold from baseline
• Stage 3: increase of SC of > 3-fold from baseline or SCr of ≥ 4.0 mg/dl
(353.6 μmol/L) with an acute increase of ≥ 0.3 mg/dl (26.5 μmol/L) or
initiation of renal replacement therapy

AKI, Acute kidney injury; SCr, serum creatinine; A ICA, International
Club of Ascites
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Hepatorenal syndrome

Hepatorenal syndrome is a type of AKI which was initially
defined as a form of functional renal failure caused by intra-
renal vasoconstriction that occurs in patients with end-stage
liver disease and circulatory dysfunction. The definition and
diagnostic criteria for HRS were originally established
in 1994 [35].

The International Club of Ascites (ICA) has been conven-
ing periodically since 1994 to define HRS [12, 25, 35]. The
definition of HRS is based on exclusion of other causes of
AKI with concomitant unresponsiveness to volume expan-
sion. The latest criteria to diagnose AKI, and specifically
HRS, in liver disease were proposed by ICA in 2012 and are
summarized in Table 3.

It is important to know the practical differences which exist
between the incidence of HRS in adult and pediatric popula-
tions. In the pediatric patient population, cirrhosis is mostly
secondary to biliary atresia. Only 10% of patients have entire-
ly normal liver function tests after Kasai porto-enterostomy,
while 40% of patients will survive with their native liver after
10 years following Kasai operation [43]. Approximately 80%

of patients who undergo Kasai surgery will ultimately need a
liver transplant [44]. These children are kept under close fol-
low-up. As cirrhosis, ascites and portal hypertension set in and
ascites becomes diuretic resistant, these children are immedi-
ately listed for transplant. Since the number of children with
such conditions is small, coupled with the advent of split liver
transplant, waiting times are relatively short and the incidence
of complications, including HRS, is not very high. In adult
patients, etiologies are varied, numbers are high and waiting
lists are extremely long. Therefore, adult patients develop all
the complications of cirrhosis and portal hypertension, includ-
ing HRS.

Although renal dysfunction and HRS have been occasion-
ally reported in infants and children with end-stage liver dis-
ease, these reports are primarily case reports without any large
series. Thus, the true frequency of HRS in pediatric patients
with liver failure is currently unknown.

As per the ICA 2007 guidelines, HRS has been classi-
fied into two types, based on the rate of rise in SCr in
association with cirrhosis [12, 24, 36]. Type-1 HRS
(HRS-1) is defined as Bdoubling of the serum creatinine
to a level greater than 2.5 mg/dL in less than 2 weeks’
duration.^ Type-2 HRS (HRS-2), on the other hand, is de-
fined as a gradual rise in SCr to > 1.5 mg/dl. The two types
of HRS are treated as two different clinical entities rather
than as stages of progression of the same disease. HRS-1 is
more acute, is more commonly associated with multi-organ
failure, has a very grim prognosis and overlaps with other
causes of AKI. A precipitating event (sepsis, acute bleed-
ing episode, massive paracentesis) is identified in 70–
100% of HRS-1 patients, and more than one event can
occur in a single patient.

HRS-2 is the true form of AKI in patients with cirrhosis. It
is representative of the progressive, severe circulatory changes
which take place in cirrhosis. As opposed to HRS-1, HRS-2
progresses slowly and its progression is directly proportional
to the deterioration in liver function [24, 36]. The median
survival time of HRS-1 is less than 2 weeks, and practically
all patients die within 8–10 weeks after the onset of renal
failure [37, 45].

Because HRS rarely occurs in children, there are no
specific definitions in the pediatrics literature. Yousef
et al. in 2010, published data on treating four children
with HRS and used the ICA criteria except Bdoubling or
more of the serum creatinine concentrations (from base-
line) over a two-week period with no set cut-off values^
[11, 12, 46]. However, with the removal of the cutoff of
1.5 or 2.5 mg/dl for the diagnosis of HRS in adults in the
2012 ICA meeting, it might be possible to extrapolate the
adult definition in children akin to the RIFLE criteria. We
believe that these criteria should be examined prospec-
tively in a large group of children (in various liver units)
with chronic liver disease to provide validation.

Table 3 Definitions of hepatorenal syndrome [12, 24, 36–42]

HRS definitions

HRS-AKI (ICA 2015 criteria)
• Diagnosis of cirrhosis and ascites
• Diagnosis of AKI according to ICA-AKI criteria as described in
Table 1
• No response after 2 consecutive days of diuretic withdrawal and
plasma volume expansion with albumin 1 g per kg of body weight
• Absence of shock
• No current or recent use of nephrotoxic drugs (NSAIDs,
aminoglycosides, iodinated contrast media, etc.)
• Emphasizes the use of urine biomarkers (as NGAL, KIM1, IL-18,
FABP and albumin) in differentiating HRS and ATN
• No macroscopic signs of structural kidney injury defined as:
- absence of proteinuria (> 500 mg/day)
- absence of microhematuria (> 50 RBCs per high power field),
- normal findings on renal ultrasonography

Criteria for HRS in cirrhosis (as per ICA, 2007) [25]:
• Cirrhosis with ascites.
• SCr of >133 mmol/L (1.5 mg/dl) (this has been removed from the 2012
criteria)

• No improvement of SCr (decrease to a level of ≤133 mmol/L) after at
least 2 days with diuretic withdrawal and volume expansion with
albumin (1 g/kg/day)(maximum of 100 g/day)

• Absence of shock.
• No current or recent treatment with nephrotoxic drugs.
•Absence of parenchymal kidney disease as indicated by proteinuria of >
500 mg/day, microhaematuria (> 50 RBCs per high power field)
and/or abnormal renal ultrasonography.

NSAIDs, Nonsteroidal anti-inflammatory drugs; NGAL, neutrophil
gelatinase associated lipocalin; KIM1, kidney injury molecule 1; IL, in-
terleukin; FABP, liver-type fatty acid-binding protein; ATN, acute tubular
necrosis; RBCs,:red blood cells; HRS, hepato-renal syndrome; AKI,
acute kidney injury; ICA, International Club of Ascites
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Epidemiology of HRS

Though it is a common belief that whenever there is kidney
involvement in patients with liver disease the diagnosis of
HRS should be entertained, HRS is the least common diagno-
sis in these patients. The most common causes of AKI in these
patients include pre-renal AKI and ATN. Hypovolemia is the
commonest cause of AKI, possibly due to gastrointestinal
hemorrhage secondary to variceal bleed or due to fluid losses
either from the kidneys (secondary to excessive diuretic use)
or gastrointestinal tract (excessive lactulose administration or
gastrointestinal infection). Parenchymal renal disease is not
very common in the pediatric patient population. Drug-
induced kidney injury is not uncommon and should be vigi-
lantly looked for.

While approximately 50% of cirrhotic patients with ascites
will develop AKI during their illness, HRS constitutes only a
small fraction of all AKI cases that develop in these patients.
In an analysis of 129 adult cirrhotic patients with ascites and
AKI, HRS was responsible for the deterioration of kidney
function in only 7.6% [47].

HRS is usually a diagnosis of exclusion—all identifi-
able causes of renal failure need to be excluded before a
diagnosis of HRS is made. The true incidence of HRS in
pediatric patients is lacking due to the small number of
patients associated with many confounding factors. In the
pre-transplant era, the incidence of renal involvement in
liver disease was estimated to be approximately 5%.
However, it is also important to note that there are a variety
of hepatic diseases requiring liver transplantation that have
associated renal involvement not related to HRS, which
may confound accurate incidence of HRS in children.
These diseases include hereditary tyrosinemia type-I, auto-
somal recessive polycystic kidney disease, Alagille syn-
drome, primary hyperoxaluria and other genetic disorders.

Pathophysiology of AKI in HRS

There are a number of theories to explain the pathophysiologic
mechanisms for AKI in chronic liver disease, especially HRS,
a few of which are discussed in this section.

Portal hypertension, bacterial translocation and vasodilation
The triggering event is the presence and severity of portal
hypertension. Organisms in the portal circulation are usually
cleared by hepatocytes and Kupffer cells, which constitute the
mononuclear–phagocyte system of the liver. As cirrhosis de-
velops and portal hypertension sets in, the intestinal mucosa
becomes swollen due to obstruction of drained portal blood.
This, along with decreased intestinal movements, result in
massive bacterial overgrowth in the intestinal lumen, especial-
ly of Gram-negative enteric organisms which produce

endotoxins. Because of defects in mucosal barrier function
and decrease in mononuclear–phagocyte cells, bacterial trans-
location occurs and endotoxin spills over, resulting in bacter-
emia and intestinal endotoxemia [48, 49]. The more severe the
portal hypertension, the worse the inflammatory response,
which leads to increased production of pro-inflammatory cy-
tokines (mainly tumor necrosis factor alpha and interleukin-6)
[48, 49] and vasodilator factors, especially nitric oxide (NO)
in the splanchnic area [50, 51]. This response leads to vasodi-
latation of the splanchnic arterial vessels. In addition, forma-
tion of new vessels in the mesenteric circulation occurs with
progression of cirrhosis [52–54]. Because of splanchnic vaso-
dilatation, there is a reduction in systemic vascular resistance
and a decrease in the effective circulating blood volume,
which in turn activates the renin–angiotensin–aldosterone sys-
tem (RAAS). This potentially unloads the high-pressure baro-
receptors in the carotid body and aortic arch and activates the
sympathetic nervous system (SNS) to non-osmotic release of
vasopressin [52, 55]. These changes lead to intense renal va-
soconstriction and reduced GFR [56–58]. With worsening of
the liver disease and progression of cirrhosis, further splanch-
nic vasodilatation occurs, creating a vicious cycle that favors
further activation of the RAAS and SNS and vasopressin re-
lease, and subsequent intensification of renal vasoconstriction
[59].

Exaggerated inflammatory response Increased cytokine pro-
duction upregulates NO synthase leading to increased produc-
tion of NO and ultimately to exaggerated splanchnic vasodi-
lation [50]. Injury to hepatocytes is known to produce DAMP
(damage-associated molecular pattern) molecules, such as
high-mobility group box-1 (HMGB1) proteins, which further
increase the inflammatory response [13, 26]

Renal blood flow and autoregulation in HRS Renal autoregu-
lation maintains a constant renal blood flow under normal
conditions. However, in cirrhosis, due to sympathetic stimu-
lation and the exaggerated vasoconstrictor state, the autoreg-
ulation becomes disturbed, resulting in lower renal blood flow
which becomes blood pressure dependent [56–58].

Cardiac Another very important contribution to the develop-
ment of HRS comes from cardiac and hemodynamic affec-
tion. Cardiac dysfunction may remain subclinical, but it be-
comes unmasked in certain clinical situations that involve
stress, such as large volume paracentesis without adequate
plasma volume replacement. Though hyperdynamic circula-
tion is the hallmark of liver failure, there is evidence that in
advanced liver disease there might be a decline in cardiac
performance, ultimately leading to renal hypoperfusion. The
development of cirrhotic cardiomyopathy in adults is an im-
portant contributing factor in HRS. However, its contribution
to HRS in the pediatric patient population is not clear. In
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cirrhotic cardiomyopathy, both systolic and diastolic contrac-
tile response to stress is reduced. In addition, there is evidence
of ventricular hypertrophy or dilatation that results in de-
creased ejection fraction and reduced renal perfusion follow-
ing any stressful stimulus, setting the stage for kidney injury
leading to HRS [60–62].

Adrenal insufficiency The term Bhepato-adrenal syndrome^
was proposed to define adrenal insufficiency in patients
with advanced liver disease with sepsis and/or other com-
plications [63]. This leads to vascular hypo-responsiveness
and hemodynamic instability potentially affecting renal
vasculature and perfusion, thus setting the scene for AKI.
Probable causes of adrenal involvement have been postu-
lated to be decreased levels of high-density lipoprotein
cholesterol and high levels of pro-inflammatory cytokines
and circulatory endotoxin [64].

Intra-abdominal hypertension Massive ascites can lead to
raised intra-abdominal pressure (IAP) which can compress
on the renal vasculature and lead to decreased renal blood flow
and a setting of decreased urine output and AKI [65, 66]. We
routinely measure IAP in patients with chronic liver disease

and ascites with decreased urine output. Therefore, it is vital
that ascites is drained and all measures taken to reduce the IAP.

Biliary salt-induced AKI Bilirubin can cause a functional prox-
imal tubulopathy or may precipitate into casts, resulting in
acute tubular injury. This condition is known as bile cast ne-
phropathy [67]. Bilirubin causes inflammatory and obstruc-
tive damage to kidneys, resulting in kidney injury in patients
with high bilirubin [68].

The various pathophysiologic mechanisms of AKI in pa-
tients with liver disease are summarized in Fig. 2.

Diagnosis and role of biomarkers

It is of both prognostic and therapeutic importance that the
specific etiology of renal failure in cirrhosis is correctly iden-
tified. Various biochemical and clinical criteria have been used
historically to differentiate between different causes of AKI in
patients with liver disease. However, these criteria fail to ac-
curately differentiate between the various etiologies of AKI.
Therefore, to pinpoint accurately the specific etiology of AKI
in patients with cirrhosis, recent ICA 2012 guidelines

Fig. 2 Mechanisms for renal injury in cirrhosis [25, 29, 48, 51, 56, 58, 65–73]. CO Carbon monoxide, HS2 hydrogen sulfide, IL interleukin, NO nitic
oxide, RAAS renin–angiotensin–aldosterone system, TNF tumor necrosis factor, VIP vasoactive intestinal peptide
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recommend the importance of the use of new urinary bio-
markers. Urinary biomarkers of tubular damage which have
recently been studied in diagnosing AKI are neutrophil
gelatinase-associated lipocalin (NGAL), kidney injury
molecule-1 (KIM-1) interleukin-18 (IL-18) and liver fatty
acid-binding protein (L-FABP) [25, 74–76]. A recent cohort
study (TRIBE–AKI Consortium) in adults used urinary bio-
markers (tubular injury markers [NGAL, IL-18, KIM-1, L-
FABP], tubular function markers [FeNa] and glomerular inju-
ry markers [albumin]) to differentiate between various causes
of AKI in liver failure. The authors demonstrated a 13.33-fold
higher relative risk (range 4.40–40.39) of having ATN as the
cause of AKI if all four biomarkers in the panel were positive
(above predefined threshold) as compared to none [30].
Several other studies have demonstrated that these urinary
biomarkers are significantly raised in patients with AKI sec-
ondary to ATN/ischemic AKI as compared to patients with
HRS or pre-renal AKI [30, 75]. However, these findings need
to be confirmed in future studies, especially in the pediatric
population. In the following two subsections we briefly de-
scribe the two most important biomarkers used in clinical
practice.

Neutrophil gelatinase-associated lipocalin

Biochemically, NGAL consists of 178 amino acids and be-
longs to the lipocalin superfamily [77]. Detection of urinary
NGAL occurs due to absorption defects secondary to tubular
injury, both proximal and distal [78]. The most important role
of a biomarker like NGAL is its ability to detect patients with
subclinical AKI before SCr rises [79]. Verna et al. demonstrat-
ed that patients with HRS have intermediate urinary NGAL
levels. They hypothesized that severe vasoconstriction in the
renal vasculature may cause sub-clinical (patchy) tubular ep-
ithelial damage which can lead to increased urinary NGAL.
They also demonstrated that raised urinary NGAL measure-
ment on hospital admission predicted poor clinical outcome
and that a urinary NGAL value of > 110 ng/ml was predictive
of inpatient mortality [80].

Cystatin C

Cystatin C needs special mention in view of its upcoming role
in the diagnosis of AKI in liver disease. It is a small protein
(13 kDa) which belongs to the cystatin superfamily (cysteine
endopeptidase inhibitors). It is produced by all nucleated cells
of the body and is released into the blood at a constant rate
[81]. It acts as an early marker of glomerular dysfunction [78].
The concentration of cystatin C is independent of age, gender
and muscle mass. Tubular damage can result in increased
urinary excretion of cystatin C secondary to decreased reab-
sorption and degradation [82]. A cystatin C level of >
1.23 mg/L is thought to be better at predicting AKI than SCr

in adult cirrhotic patients [83]. At our institution, Samyn et al.
examined the use of cystatin C as a reliable marker for assess-
ment of renal dysfunction in children with liver disease and
after liver transplant [84]. Cystatin C-based GFR formulas can
provide an accurate estimation of nuclear GFR in the pediatric
population, including transplant recipients [85] and hence
should overcome some of the shortcomings of SCr as a bio-
marker for AKI in liver disease.

Treatment

Pediatric data on the management of HRS is very scarce,
partly due to the small number of patients and partly due to
the difficulty in diagnosing this condition. The most up-to-
date report is from Debray et al. in 2006 [86]. As with most
other diseases, measures to prevent HRS are extremely
important in reducing morbidity and mortality. Here we
present the treatment algorithm used at our center (based
on experience and extrapolated from adult literature) (also
refer to Tables 4 and 5).

1. Prophylactic antibiotics: As bacterial translocation is a
major precipitant of vasodilator release through mediators
like tumor necrosis factor alpha, prophylactic antibiotics
prevent bacterial translocation and suppress pro-
inflammatory cytokine formation, an important pathogen-
ic factor in HRS [87, 88]. Therefore, we start empiric
antibiotic therapy in patients with cirrhosis and AKI.

2. Nephrotoxic drugs: It is important to curtail the use of
nephrotoxic drugs in patients with chronic liver disease.
The use of nephrotoxic drugs must be avoided, and if they
are being used, their need should be reviewed on a regular
basis and doses adjusted according to severity of renal
dysfunction.

3. Maintain intravascular volume: It is important to ensure
that the intravascular status of the patient is maintained.
The risk factors for HRS appear to be similar to those for
AKI of any other etiology [23, 30, 74, 89]. We recom-
mend early, aggressive treatment of hypovolemia with
fluids/blood products using bedside clinical cues along-
side the use of cardiac output monitoring (ultrasound or
invasive).

4. Paracentesis: As cirrhosis progresses, ascites becomes
progressively resistant to diuretics, and with increasing
ascites there is raised IAP with attendant adverse effects
on renal and systemic hemodynamics [90, 91]. Therefore,
ascites should be managed with paracentesis followed by
albumin infusion. In cirrhotic patients, RAAS activation
causes sodium retention, and the use of aldosterone an-
tagonists (such as spironolactone) have been demonstrat-
ed as being effective in the management of ascites [92].
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When ascites becomes refractory (ascites that does not re-
spond to sodium restriction and high-dose diuretic treatment
and recurs rapidly after therapeutic paracentesis) [35], thera-
peutic modalities include large volume paracentesis with al-
bumin administration, trans-jugular intra-hepatic porto-
systemic shunt (TIPSS) and liver transplantation [93–95].
TIPSS is an effective treatment for refractory ascites, but con-
cerns about increase in encephalopathy and survival benefit
make it a less favorable treatment option.

Pharmacological treatment of HRS

Albumin

Albumin serves as an efficient plasma expander. Additional
benefits of albumin include its role in binding and transporting
both exogenous and endogenous substances, anti-
inflammatory and antioxidant action, immune-modulatory
role and endothelial stabilization [96, 97]. The role of albumin
in cirrhosis is secondary to its ability to mobilize ascitic fluid
due to its effect on plasma oncotic pressure. Studies have
demonstrated the role of albumin in the prevention of circula-
tory dysfunction after large volume paracentesis [98, 99].

Vasoconstrictors

Arterial vasodilation is considered to be an important patho-
physiological mechanism of HRS; hence, the use of arterial
vasoconstrictors can be therapeutic. Vasoconstrictors have the
potential to reverse splanchnic vasodilation, increase the cir-
culating blood volume and ultimately reverse renal vasocon-
striction and HRS.

Several vasoconstrictors are in use, including vasopressin
analogues (terlipressin, ornipressin) midodrine + octreotide
and norepinephrine. Terlipressin, is a prodrug that is converted
to its active form, lysine vasopressin, after cleavage of three
glycyl groups. This cleavage results in a slow release of the
vasoactive form. The half-life of terlipressin is 6 h, and since
lysine vasopressin is released over a sustained period, it can be
administered by bolus injection rather than by continuous in-
fusion [100]. Terlipressin causes vasoconstriction in the arte-
rioles of the splanchnic circulation, decreasing portal flow and
thereby redistributing blood flow to the kidneys [101, 102].
Yousef et al. demonstrated an improvement of serum creati-
nine and urine output after terlipressin use in children [46].

A few institutions use continuous infusion rather than bolus
injection as a mode of administration of terlipressin with com-
parable responses but less severe complications [103, 104].
The rise in blood pressure is more sustained when terlipressin
is used as an infusion compared to a bolus, along with a better
response in reducing SCr. We use an infusion dose of 10–
20 μg/kg/day. It is very difficult to conclude anything

meaningful from the scant reports on the use of terlipressin
in pediatric patients other than that terlipressin might have a
possible role in children with mild-to-moderate HRS-1. It
also appears that the dose of terlipressin considered ef-
fective for pediatric HRS may be lower than that re-
quired in children with refractory septic shock, thus po-
tentially avoiding drug toxicity.

Most of the side effect profile of terlipressin is related to its
severe vasoconstrictive properties, which can affect various
blood vessels, leading to coronary ischemia, gut ischemia
and limb ischemia. Cardiac arrhythmias and cerebrovascular
events are other known side effects. However, terlipressin is
less likely to cause many of these side effects as compared to
vasopressin.

Various adult studies have shown that combined therapy
with terlipressin + albumin has better results in terms of HRS
reversal than treatment with terlipressin alone or albumin
alone, but it is important to note that not all patients with
HRS respond to terlipressin and albumin [105–110]. Themost
important predictor of response to terlipressin is the baseline
SCr level at the time of initiation of terlipressin therapy, i.e. the
degree of renal failure. It is postulated that if patients have
very high SCr levels at the initiation of terlipressin therapy,
response will be limited, and in these cases the risk of severe
vasoconstriction versus very little therapeutic response must
be balanced. An important controversial point which deserves
special mention is the incidence of relapse after vasoconstric-
tor therapy is stopped.

Vaptans

Vaptans are V2 receptor antagonists. They are aquaretic
agents that promote water excretion and diuresis with dilute
urine and improve hyponatremia. They also block V2-
mediated vasodilatation. Moreover, V2 receptor antagonism
increases plasma vasopressin concentrations, which may
cause unopposed hyper-stimulation of the vasoconstrictor
V1 receptors, leading to free water excretion. This action re-
sults in improvement of hyponatremia and therefore improved
ascites. The hemodynamic effects of splanchnic vasoconstric-
tion present a particularly attractive theoretical treatment op-
tion in these patients [110, 111]. Recent studies show that
vaptans could play a role in elevating serum sodium concen-
tration in cirrhotic patients [111].

Extracorporeal therapies

Renal replacement therapy

Continuous rather than intermittent hemodialysis (HD) is
the preferred mode of dialysis in these hemodynamically
sick patients, particularly those who are listed for liver
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transplantation and have failed to respond to medical ther-
apy, or those who have suffered an acute reversible precip-
itating event. Continuous renal replacement therapy (RRT)
expedites the removal of solutes such as ammonia and
lactate, helps fluid and electrolyte balance and creates
space for nutrition in these patients who are in a catabolic
state. If the liver becomes available before multiple organ
failure becomes refractory, continuous RRT can serve as a
bridge to liver transplantation, but it should be considered
at an early stage to help prevent further deterioration before
liver transplantation becomes available [112]. RRT is es-
pecially indicated in life-threatening complications, such
as severe hyperkalemia, intractable metabolic acidosis, flu-
id overload and other uremic complications [9, 113].
Unfortunately, the response to vasoconstrictor therapy be-
comes very difficult to assess once a child is started on
continuous RRT.

Liver assist devices and tandem therapies

Extracorporeal liver assist devices (LAD) are being in-
creasingly used in clinical practice. They are temporizing
artificial support systems which remove toxins from the
circulation. The devices available currently include single-
pass albumin dialysis (SPAD), plasma exchange (PE)
combined with HD, Prometheus dialysis and the molecu-
lar adsorbent recirculating system (MARS) [114, 115].
Simultaneous use of PE and HD, also known as tandem
PE and HD (TPH), may be an additional resource for
treating patients who may benefit from using both thera-
pies concurrently [116]. Absolute indications in pediatric
practice for LAD use are extrapolated from adult literature
and include (among other factors) hepatic encephalopathy
(equal ≥ grade 3) and coagulation failure [114].

Molecular adsorbent recirculating system

TheMARS is an extracorporeal systemwhich combines high-
flux HD, filtration and adsorption and uses an albumin-
enriched dialysate to remove toxins [117, 118]. A recent
European, multicentered randomized controlled study
(RELIEF trial) showed benefit in renal function at day 4 with
the use of MARS as compared to the standard treatment arm
[119]. A recent meta-analysis showed that MARS conferred a
survival benefit in patients with acute liver failure, but the
authors could not find evidence that it improved survival in
patients with ACLF [120].

Prometheus system

The Prometheus® system (Fresenius Medical Care, Bad
Homburg, Germany) is another extracorporeal system which
is based on the principles of fractional plasma separation with

high-flux HD [117, 121]. Its advantages over MARS are that
cytokines, coagulation factors and platelets remain unaltered
with its use [122] and a higher reduction of toxins, such as
ammonia, urea and bilirubin can be achieved [123]. Currently,
a single-center randomized controlled trial is underway with
the use of the Prometheus system in adult patients with HRS,
which may shed some light on its efficacy [124].

Surgical options

Trans-jugular intrahepatic portosystemic shunt (TIPSS)- Since
increased portal pressures play an important role in the patho-
genesis of HRS, surgical modalities to decrease portal hyper-
tension (TIPSS) have a role in the management of HRS [125].

Liver and Liver–kidney transplantation

In patients who do not respond to any treatment modality, liver
transplant is the only option. Though many children with kid-
ney disease recover after liver transplant, a proportion contin-
ue to require RRT. Currently, the focus is gradually shifting
from liver transplantation to simultaneous liver–kidney trans-
plant. It is an accepted strategy in patients with both ACLF
and end-stage renal disease [126]. There are now well-
established criteria for simultaneous liver and kidney trans-
plantation in patients awaiting liver transplantation who de-
velop HRS [127]. However, the prognosis of children who
develop HRS and require continuous RRT for a prolonged
period is almost universally poor.

A summary of the various treatment options in patients
who develop AKI in liver disease are is presented in Table 4.

Proposed algorithms for managing patients
with AKI in chronic liver disease

When confronted with a child with cirrhosis and AKI, the
following basic principles apply: treat infections aggres-
sively, actively reduce IAP by paracentesis, resuscitate
with fluid to prevent renal hypoperfusion and start treat-
ment with vasoconstrictors early together with albumin.
Though there is good evidence to use combined
terlipressin + albumin, we start with noradrenaline as it is
a more commonly used vasopressor in any pediatric critical
care setting with good familiarity among critical care staff.
If there is no response to noradrenaline at a dose of 0.5–1
mcg/kg/min, we recommend starting terlipressin infusion
at a dose of 10 mcg/kg/day, very carefully looking for side
effects especially microvascular ischemia. If there is no
response to terlipressin in the form of decreasing SCr or
sustained blood pressure increment, the dose of terlipressin
can be doubled at 48 h. If there is still no response by 4–
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5 days, early RRT needs to be started. Liver transplant is
the ultimate treatment, but if HRS is still present, these
patients have a poor prognosis even after liver transplant.
It is very challenging to list a patient with HRS for liver
transplantation, and a multidisciplinary team needs to dis-
cuss the prognosis following liver transplantation. This ap-
proach is summarized in Table 5.

Future directions

Two questions for the future are:

1. Are there any new pharmacological or non-
pharmacological treatments available or currently being
researched for the treatment of HRS?

2. Awaiting the availability and accessibility to new thera-
pies, can we do anything to improve the prognosis of
these patients who do not seem to respond to standard
therapy?

In the treatment of AKI in liver disease, it is important to
stick to the basics. It is equally important to accurately differ-
entiate HRS from other types of AKI, especially ATN. Some
treatment failures are wrongly attributed to terlipressin ineffi-
cacy, but these in fact are due to the use of this drug in incor-
rectly diagnosed HRS. Therefore, the role of urine

Table 5 Personal practice to management of hepatorenal syndrome

Target the precipitating factors and address pre-renal issues

Noradrenaline (maximum of 1 microgram/kg/min)

Add Terlipressin infusion– 10 microgram/kg/min (Closely monitor ischemic side 

effects)

Double the dose of Terlipressin if no response in 48 hours

Stop Terlipressin if no response by 5 days

Renal Replacement Therapy, TIPSS, OLT

TIPSS: Trans-jugular Intrahepatic Porto-systemic shunt, OLT: Orthotopic Liver Transplant

Table 4 Proposed algorithm for management of children with liver
disease and concomitant acute kidney injury

Treatment options in patients with AKI in liver disease

Treat associated conditions:
• GI bleeding/hypovolemia: fluid resuscitation
• Infections: aggressive antibiotics (as per local antibiogram)
• Adrenal insufficiency
• Avoid nephrotoxic drugs
• Treat raised IAP (drain and replace with albumin)
• Large volume ascites: paracentesis
• Differentiate between natural progression of liver disease with its
complications vs. acute AKI with other organ dysfunction
• Once in ICU: cardiac output monitoring, fluids, full organ support,
prioritize transplant listing
• Early vasoconstrictors and albumin

Pharmacological therapy:
• Albumin
• Vasoconstrictors including vasopressin and vasopressin analogues,
octreotide, norepinephrine
• Vaptans (rarely used)

Assist devices:
• Continuous renal replacement therapy ± plasmapheresis
• MARS
• SPAD
• Prometheus

Surgical therapy
• TIPSS ((very rarely done)
• Liver transplant

GI, gastrointestinal; IAP, intra-abdominal pressure; TIPSS, trans-jugular
Intrahepatic Porto-systemic shunt; ICU, intensive care unit, MARS, molec-
ular adsorbent recirculation system; SPAD, single pass albumin dialysis
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biomarkers, particularly NGAL and IL-18, can potentially
help in the differential diagnosis between HRS and ATN. If
the role of urinary biomarkers in the differential diagnosis of
various etiologies of AKI in liver disease is confirmed in larg-
er studies, it will not be surprising to see their incorporation in
the diagnostic algorithm of HRS-1 [12, 30, 80]. In addition to
accurate diagnosis, some drugs under investigation need a
special mention. Serelaxin is a recombinant form of the hu-
man peptide relaxin-2 that has been shown to be a renal vaso-
dilator in healthy volunteers. Serelaxin selectively and very
effectively increases renal blood flow with no alterations in
mean arterial pressure [128]. If researchers could replicate the
effect of selective renal vasodilation in patients with renal
failure, serelaxin could prove an invaluable drug in the treat-
ment of HRS-1 where renal vasoconstriction plays an impor-
tant role in the pathogenesis.

There is a very important role of inflammation in ACLF
where HRS occurs as a part of multi-organ failure. Here fail-
ure of one organ system can affect the function of another
organ system. Therefore, one needs to target not only the
systemic vasodilation, which plays an important role in the
pathogenesis of HRS, but also the systemic inflammation
and to optimize the function of other organs. Removal of
inflammatory and vasoactive mediators by the use of plasma-
pheresis could be a useful therapeutic adjunct therapy [129].
In a recent study on acute liver failure in adults, total PE
decreased the systemic inflammatory response and improved
organ failures and survival. Innate immunity is depressed in
ACLF. Stimulation of this immunity could lead to improved
liver function, prevent the occurrence of multi-organ failure,
including HRS, and potentially improve survival. The role of
granulocyte colony-stimulating factors could be another
promising approach in achieving the stimulation of the innate
immunity [130].

Conclusion

Though AKI is common in cirrhotic patients with ascites, not all
patients of cirrhosis who develop AKI have HRS. Criteria to
diagnose AKI in liver patients are different from those used to
diagnose AKI in patients with non-liver diagnoses, but unfortu-
nately there are no criteria specific to pediatric patients. Though
diagnostic criteria exist to diagnose HRS, differentiating it from
other causes of AKI in cirrhotic patients continues to be a chal-
lenging task in some cases. Biomarkers may start to play an
important role in differentiating between the various causes of
AKI in this patient population, which is crucial for diagnostic,
therapeutic and prognostic purposes. Therefore, it will not be
surprising to see the incorporation of biomarkers in the definition
of AKI in patients with liver disease soon (instead of creatinine).
Vasoconstrictors seem to play an important role in the
treatment of HRS if they are started early. The role of

prolonged vasoconstrictors to bridge these patients to liver
transplant is open to debate and future trials.

Key learning points

& Criteria to diagnose AKI in cirrhosis are not the same as
those to diagnose non-liver AKI; no formal criteria exist in
pediatrics.

& Not every AKI in cirrhosis is HRS; biomarkers could po-
tentially help to differentiate the various causes of AKI.

& HRS is extremely rare in the pediatric patient population
and carries a very poor prognosis.

& Prevention of precipitating factors is important.
& Vasoconstrictors seem to have a role in management of

patients with AKI

Multiple-choice questions (answers are
provided following the reference list)

1. Which one is the least common cause of AKI in patients
with liver disease?
a) Hypovolemia
b) ATN
c) Infections
d) HRS

2. A terlipressin responder is one who has:
a) Pre-renal AKI
b) Severe HRS with SCr > 7 mg/dl
c) Early increase in mean blood pressure followed by

return to baseline
d) Early onset AKI with modest increase in SCr and

sustained increase in blood pressure

3. Which one of the following statements is NOT true about
AKI in liver disease?
a) Definition of AKI in liver and non-liver disease pa-

tients is different
b) SCr can be reliably used to diagnose AKI in these

patients
c) Biomarkers help to differentiate ATN from HRS
d) Cystatin C can be a useful adjunct in diagnosis of

AKI

4. The KDIGO definition differs from the IAC 2012 defini-
tion with the following exception?
a) Use of SCr as a marker
b) Utilization of continuous RRT
c) Defines response to treatment
d) Definition of what constitutes the baseline SCr values
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5. Which of the following is the initial management of HRS?
a) Prometheus system
b) TIPSS
c) MARS
d) Treat associated conditions, volume expansion and

vasoconstrictors

Compliance with ethical standards

Conflict of interest The authors state that they have no conflict of inter-
est to declare.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Flint A (1863) Clinical report on hydro-peritoneum based on an
analysis of forty-six cases. Am J Med Sci 45:306–339

2. Kamath BM, Podkameni G, Hutchinson AL, Leonard LD, Gerfen
J, Krantz ID, Piccoli DA, Spinner NB, Loomes KM, Meyers K
(2012) Renal anomalies in Alagille syndrome: a disease-defining
feature. Am J Med Genet A 158A:85–89

3. Park E, Lee JM, Ahn YH, Kang HG, Ha IIS, Lee JH, Park YS,
Kim NK, Park WY, Cheong HI (2016) Hepatorenal fibrocystic
diseases in children. Pediatr Nephrol 31:113–119

4. Khorsandi SE, SamynM, Hassan A, Vilca-Melendez H, Waller S,
Shroff R, Koffman G, Van't Hoff W, Baker A, Dhawan A, Heaton
N (2016) An institutional experience of pre-emptive liver trans-
plantation for pediatric primary hyperoxaluria type 1. Pediatr
Transplant 20:523–529

5. Kölker S, Valayannopoulos V, Burlina AB, Sykut-Cegielska J,
Wijburg FA, Teles Zeman J, Dionisi-Vici C, Barić I, Karall D,
Arnoux JB, Avram P, Baumgartner MR, Blasco-Alonso J, Boy SP,
Rasmussen MB, Burgard P, Chabrol B, Chakrapani A, Chapman K,
Cortès I, Saladelafont E, Couce ML, de Meirleir L, Dobbelaere D,
Furlan F, Gleich F, González MJ, Gradowska W, Grünewald S,
Honzik T, Hörster F, Ioannou H, Jalan A, Häberle J, Haege G,
Langereis E, de Lonlay P, Martinelli D, Matsumoto S, Mühlhausen
C, Murphy E, de Baulny HO, Ortez C, Pedrón CC, Pintos-Morell G,
Pena-Quintana L, Ramadža DP, Rodrigues E, Scholl-Bürgi S, Sokal
E, Summar ML, Thompson N, Vara R, Pinera IV, Walter JH,
Williams M, Lund AM, Garcia-Cazorla A (2015) The phenotypic
spectrum of organic acidurias and urea cycle disorders. Part 2: the
evolving clinical phenotype. J Inherit Metab Dis 38:1059–1074

6. Wei Y, Zhang L, Lin H, Li J, Li B, Yan L, Wen T, Zeng Y, Lu S
(2006) Factors related to post-liver transplantation acute renal fail-
ure. Transplant Proc 38:2982–2984

7. Garcia-Tsao G, Parikh CR, Viola A (2008) Acute kidney injury in
cirrhosis. Hepatology 48:2064–2077

8. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P, Acute
Dialysis Quality Initiative workgroup (2004) Acute renal failure:
definition, outcome measures, animal models, fluid therapy and
information technology needs: the second international consensus
conference of the acute dialysis quality initiative (ADQI) group.
Crit Care 8:R204–R212

9. Kellum JA, Lameire N, KDIGO AKI Guideline Work Group
(2012) KDIGO clinical practice guideline for acute kidney injury.
Kidney Int 2[Suppl1]:1–124

10. Lopes JA, Jorge S (2013) The RIFLE andAKIN classifications for
acute kidney injury: a critical and comprehensive review. Clin
Kidney J 6:8–14

11. NadimMK, Kellum JA, Davenport A,Wong F, Davis C, Pannu N,
Tolwani A, Bellomo R, Genyk YS, ADQI Workgroup (2012)
Hepatorenal syndrome: the 8th International Consensus
Conference of the Acute Dialysis Quality Initiative (ADQI)
Group. Crit Care 16:R23

12. Angeli P, Ginès P, Wong F, Bernardi M, Boyer TD, Gerbes A,
Moreau R, Jalan R, Sarin SK, Piano S (2015) Diagnosis and man-
agement of acute kidney injury in patients with cirrhosis: revised
consensus recommendations of the International Club of Ascites. J
Hepatol 62:968–974

13. Lee HT, Park SW, Kim M, D’Agati VD (2009) Acute kidney
injury after hepatic ischemia and reperfusion injury in mice. Lab
Invest 89:196–208

14. Qasem AA, Farag SE, Hamed E, Emara M, Bihery A, Pasha H
(2014) Urinary biomarkers of acute kidney injury in patients with
liver cirrhosis. ISRN Nephrol 2014:376795

15. Iwakiri Y, Groszmann RJ (2006) The hyperdynamic circulation of
chronic liver diseases: from the patient to the molecule.
Hepatology 43:S121–S131

16. Sort P, Navasa M, Arroyo V, Aldeguer X, Planas R, Ruiz-del-
Arbol L, Castells L, Vargas V, Soriano G, Guevara M, Ginès P,
Rodés J (1999) Effect of intravenous albumin on renal impairment
and mortality in patients with cirrhosis and spontaneous bacterial
peritonitis. N Engl J Med 341:403–409

17. Francoz C, Glotz D, Moreau R, Durand F (2010) The evaluation
of renal function and disease in patients with cirrhosis. J Hepatol
52:605–613

18. Cholongitas E, Xirouchakis E, Garcovich M, Burroughs AK (2010)
Evaluation of renal function in patients with cirrhosis. J Hepatol 53:
589

19. Takabatake T, Ohta H, Ishida Y, Hara H, Ushiogi Y, Hattori N
(1988) Low serum creatinine levels in severe hepatic disease.
Arch Intern Med 148:1313–1315

20. Slack A, Yeoman A, Wendon J (2010) Renal dysfunction in
chronic liver disease. Crit Care 4:214

21. Angeli P, Gatta A, Caregaro L, Menon F, Sacerdoti D, Merkel C,
Rondana M, de Toni R, Ruol A (1990) Tubular site of renal sodi-
um retention in ascitic liver cirrhosis evaluated by lithium clear-
ance. Eur J Clin Invest 20:111–117

22. Sansoè G, Biava AM, Silvano S, Ferrari A, Rosina F, Smedile A,
Touscoz A, Bonardi L, Rizzetto M (2002) Renal tubular events
following passage from the supine to the standing position in
patients with compensated liver cirrhosis: loss of tubuloglomerular
feedback. Gut 51:736–741

23. Tsien CD, Rabie R, Wong F (2013) Acute kidney injury in de-
compensated cirrhosis. Gut 62:131–137

24. Salerno F, Gerbes A, Ginès P, Wong F, Arroyo V (2007)
Diagnosis, prevention and reatment of hepatorenal syndrome in
cirrhosis. Gut 56:1310–1318

25. Urrunaga NH, Mindikoglu AL, Rockey DC (2015) Renal dys-
function in cirrhosis. Curr Opin Gastroenterol 31:215–223

26. Nayak SL, Maiwall R, Nandwani A, Ramanarayanan S, Mathur
RP, Kumar R, Sarin SK, Vashishtha C (2013) Management of
acute kidney injury in cirrhosis. Hepatol Int 7:813–819

27. Martín-Llahí M, Guevara M, Torre A, Fagundes C, Restuccia T,
Gilabert R, Solá E, Pereira G,Marinelli M, Pavesi M, Fernández J,
Rodés J, Arroyo V, Ginès P (2011) Prognostic importance of the
cause of renal failure in patients with cirrhosis. Gastroenterology
140:488–496.e4

56 Pediatr Nephrol (2019) 34:45–59



28. Wong F, O’Leary JG, Reddy KR, Patton H, Kamath PS, Fallon MB,
Garcia-Tsao G, Subramanian RM, Malik R, Maliakkal B, Thacker
LR, Bajaj JS, North American Consortium for Study of End-Stage
Liver Disease (2013)New consensus definition of acute kidney injury
accurately predicts 30-day mortality in patients with cirrhosis and
infection. Gastroenterology 145:1280–1288.e1

29. Fasolato S, Angeli P, Dallagnese L, Maresio G, Zola E, Mazza E,
Salinas F, Donà S, Fagiuoli S, Sticca A, Zanus G, Cillo U, Frasson
I, Destro C, Gatta A (2007) Renal failure and bacterial infections
in patients with cirrhosis: epidemiology and clinical features.
Hepatology 45:223–229

30. Belcher JM, Sanyal AJ, Peixoto AJ, Perazella MA, Lim J,
Thiessen-Philbrook H, Ansari N, Coca SG, Garcia-Tsao G,
Parikh CR, TRIBE–AKI Consortium (2014) Kidney biomarkers
and differential diagnosis of patients with cirrhosis and acute kid-
ney injury. Hepatology 60:622–632

31. Moreau R, Jalan R, Gines P, Pavesi M, Angeli P, Cordoba J,
Durand F, Gustot T, Saliba F, Domenicali M, Gerbes A, Wendon
J, Alessandria C, Laleman W, Zeuzem S, Trebicka J, Bernardi M,
Arroyo V, CANONIC Study Investigators of the EASL–CLIF
Consortium (2013) Acute-on-chronic liver failure is a distinct syn-
drome that develops in patients with acute decompensation of
cirrhosis. Gastroenterology 144:1426–1437

32. Zamora Nava LE, Aguirre Valadez J, Chávez-Tapia NC, Torre A
(2014) Acute-on-chronic liver failure: a review. Ther Clin Risk
Manag 10:295–303

33. Arroyo V, Moreau R, Jalan R, Ginès P, EASL–CLIF Consortium
CANONIC Study (2015) Acute-on-chronic liver failure: a new
syndrome that will re-classify cirrhosis. J Hepatol 62:S131–S143

34. Alam S, Lal BB, Sood V, Rawat D (2016) Pediatric acute-on-chronic
liver failure in a specialized liver unit: prevalence, profile, outcome,
and predictive factors. J Pediatr Gastroenterol Nutr 63:400–405

35. Arroyo V, Ginès P, Gerbes AL, Dudley FJ, Gentilini P, Laffi G,
Reynolds TB, Ring-Larsen H, Schölmerich J (1996) Definition and
diagnostic criteria of refractory ascites and hepatorenal syndrome in
cirrhosis. International ascites club. Hepatology 23:164–176

36. Arab JP, Claro JC, Arancibia JP, Contreras J, Gómez F, Muñoz C,
Nazal L, Roessler E, Wolff R, Arrese M, Benítez C (2016)
Therapeutic alternatives for the treatment of type 1 hepatorenal
syndrome: a Delphi technique-based consensus. World J Hepatol
8:1075–1086

37. Ginès P, Guevara M, Arroyo V, Rodés J (2003) Hepatorenal syn-
drome. Lancet 362:1819–1827

38. Arroyo V, Terra C, Ginès P (2006) New treatments of hepatorenal
syndrome. Semin Liver Dis 26:254–264

39. Arroyo V, Fernandez J, Ginès P (2008) Pathogenesis and treat-
ment of hepatorenal syndrome. Semin Liver Dis 28:81–95

40. Rognant N (2015) Acute kidney injury in patients with chronic
liver disease. World J Hepatol 7:993–1000

41. Barbano B, Sardo L, Gigante A, Gasperini ML, Liberatori M, Giraldi
GDL, Lacanna A, Amoroso A, Cianci R (2014) Pathophysiology,
diagnosis and clinical management of hepatorenal syndrome: from
classic to new drugs. Curr Vasc Pharmacol 12:125–135

42. Egerod Israelsen M, Gluud LL, Bendtsen F, Møller S, Krag AA
(2013) Hepatorenal syndrome: diagnosis, treatment and preven-
tion. Ugeskr Laeger 175:1562–1566

43. Davenport M, Ong E, Sharif K, Alizai N, McClean P, Hadzic N,
Kelly DA (2011) Biliary atresia in England and Wales: results of
centralization and new benchmark. J Pediatr Surg 46:1689–1694

44. Wildhaber BE (2012) Biliary atresia: 50 years after the first Kasai.
ISRN Surg 2012:132089

45. Ng CK, Chan MH, Tai MH, Lam CW (2007) Hepatorenal syn-
drome. Clin Biochem Rev 28:11–17

46. Yousef N, Habes D, Ackermann O, Durand P, Bernard O,
Jacquemin E (2010) Hepatorenal syndrome: diagnosis and effect

of terlipressin therapy in 4 pediatric patients. J Pediatr
Gastroenterol Nutr 51:100–102

47. Montoliu S, Ballesté B, Planas R, Alvarez MA, Rivera M, Miquel
M, Masnou H, Cirera I, Morillas RM, Coll S, Sala M, García-
Retortillo M, Cañete N, Solà R (2010) Incidence and prognosis
of different types of functional renal failure in cirrhotic patients
with ascites. Clin Gastroenterol Hepatol 8:616–622 quiz e80

48. FukazawaK, Lee HT (2013) Updates on hepato-renal syndrome. J
Anesth Clin Res 4:352

49. Sugano S (1992) Endotoxin levels in cirrhotic rats with sterile and
infected ascites. Gastroenterol Jpn 27:348–353

50. Wiest R, Cadelina G, Milstien S, McCuskey RS, Garcia-Tsao G,
Groszmann RJ (2003) Bacterial translocation up-regulates GTP-
cyclohydrolase I in mesenteric vasculature of cirrhotic rats.
Hepatology 38:1508–1515

51. Mustafa AK, Gadalla MM, Snyder SH (2009) Signaling by
gasotransmitters. Sci Signal 2(68):re2. https://doi.org/10.1126/
scisignal.268re2

52. Hartleb M (2012) Kidneys in chronic liver diseases. World J
Gastroenterol 18:3035

53. Groszmann RJ (1994) Hyperdynamic circulation of liver disease
40 years later: pathophysiology and clinical consequences.
Hepatology 20:1359–1363

54. Wong F, Massie D, Colman J, Dudley F (1993) Glomerular
hyperfiltration in patients with well-compensated alcoholic cirrho-
sis. Gastroenterology 104:884–889

55. Arroyo V, Colmenero J (2003) Ascites and hepatorenal syndrome
in cirrhosis: pathophysiological basis of therapy and current man-
agement. J Hepatol 38[Suppl 1]:S69–S89

56. Lameire N, Van Biesen W, Vanholder R (2005) Acute renal fail-
ure. Lancet 365:417–430

57. Le Dorze M, Legrand M, Payen D, Ince C (2009) The role of the
microcirculation in acute kidney injury. Curr Opin Crit Care 15:
503–508

58. Bonventre JV, Yang L (2011) Cellular pathophysiology of ische-
mic acute kidney injury. J Clin Invest 121:4210–4221

59. Martell M, Coll M, Ezkurdia N, Raurell I, Genescà J (2010)
Physiopathology of splanchnic vasodilation in portal hyperten-
sion. World J Hepatol 2:208–220

60. Fede G, Privitera G, Tomaselli T, Spadaro L, Purrello F (2015)
Cardiovascular dysfunction in patients with liver cirrhosis. Ann
Gastroenterol 28:31–40

61. Ahmed SS, Howard M, ten HoveW, Leevy CM, Regan TJ (1984)
Cardiac function in alcoholics with cirrhosis: absence of overt
cardiomyopathy—myth or fact? J Am Coll Cardiol 3:696–702

62. Møller S, Henriksen JH (2008) Cardiovascular complications of
cirrhosis. Gut 57:268–278

63. Fede G, Spadaro L, Tomaselli T, Privitera G, Germani G,
Tsochatzis E, Thomas M, Bouloux PM, Burroughs AK, Purrello
F (2012) Adrenocortical dysfunction in liver disease: a systematic
review. Hepatology 55:1282–1291

64. Trifan A, Chiriac S, Stanciu C (2013) Update on adrenal insuffi-
ciency in patients with liver cirrhosis. World J Gastroenterol 19:
445–456

65. Chang Y, Qi X, Li Z, Wang F, Wang S, Zhang Z, Xiao C, Ding T,
Yang C (2013) Hepatorenal syndrome: insights into the mecha-
nisms of intra-abdominal hypertension. Int J Clin Exp Pathol 6:
2523–2528

66. Ma Y, Qian C, Xie F, Zhou F, Pan L, Song Q (2005) Acute renal
failure due to abdominal compartment syndrome. Zhonghua Yi
Xue Za Zhi 85:2218–2220

67. van Slambrouck CM, Salem F, Meehan SM, Chang A (2013) Bile
cast nephropathy is a common pathologic finding for kidney injury
associated with severe liver dysfunction. Kidney Int 84:192–197

68. Romano TG, Vieira Junior JM (2015) Do biliary salts have role on
acute kidney injury development? J Clin Med Res 7:667–671

Pediatr Nephrol (2019) 34:45–59 57

https://doi.org/10.1126/scisignal.268re2
https://doi.org/10.1126/scisignal.268re2


69. Fernández J, Fernández-Balsells M, Acevedo J, Arroyo V (2008)
Adrenal insufficiency in cirrhosis. GastroenterolHepatol 31:606–611

70. Aniort J, Poyet A, Kemeny J-L, Philipponnet C, Heng A-E (2017)
Bile cast nephropathy caused by obstructive cholestasis. Am J
Kidney Dis 69:143–146

71. Bonventre JV, Zuk A (2004) Ischemic acute renal failure: an in-
flammatory disease? Kidney Int 66:480–405

72. Verma SK, Molitoris BA (2015) Renal endothelial injury and
microvascular dysfunction in acute kidney injury. Semin
Nephrol 35:96–107

73. Schrier RW, Arroyo V, Bernardi M, Epstein M, Henriksen JH,
Rodés J (1988) Peripheral arterial vasodilation hypothesis: a pro-
posal for the initiation of renal sodium and water retention in
cirrhosis. Hepatology 8:1151–1157

74. Belcher JM, Garcia-Tsao G, Sanyal AJ, Bhogal H, Lim JK, Ansari
N, Coca SG, Parikh CR, TRIBE-AKI Consortium (2013)
Association of AKI with mortality and complications in hospital-
ized patients with cirrhosis. Hepatology 57:753–762

75. Koyner JL, Garg AX, Coca SG, Sint K, Thiessen-Philbrook H,
Patel UD, Shlipak MG, Parikh CR, TRIBE-AKI Consortium
(2012) Biomarkers predict progression of acute kidney injury after
cardiac surgery. J Am Soc Nephrol 23:905–914

76. Karvellas CJ, Durand F, NadimMK (2015) Acute kidney injury in
cirrhosis. Crit Care Clin 31:737–750

77. Flower DR (2000) Experimentally determined lipocalin struc-
tures. Biochim Biophys Acta 1482:46–56

78. Tsigou E, Psallida V, Demponeras C, Boutzouka E, Baltopoulos G
(2013) Role of new biomarkers: functional and structural damage.
Crit Care Res Pract 2013:e361078

79. Haase M, Devarajan P, Haase-Fielitz A, Bellomo R, Cruz DN,
Wagener G, Krawczeski CD, Koyner JL, Murray P, Zappitelli
M, Goldstein SL, Makris K, Ronco C, Martensson J, Martling
CR, Venge P, Siew E, Ware LB, Ikizler TA, Mertens PR (2011)
The outcome of neutrophil gelatinase-associated Lipocalin
(NGAL)-positive subclinical acute kidney injury: a multicenter
pooled analysis of prospective studies. J Am Coll Cardiol 57:
1752–1761

80. Verna EC, Brown RS, Farrand E, Pichardo EM, Forster CS, Sola-
Del Valle DA, Adkins SH, Sise ME, Oliver JA, Radhakrishnan J,
Barasch JM, Nickolas TL (2012) Urinary neutrophil gelatinase-
associated Lipocalin predicts mortality and identifies acute kidney
injury in cirrhosis. Dig Dis Sci 57:2362–2370

81. Séronie-Vivien S, Delanaye P, Piéroni L, Mariat C, Froissart M,
Cristol J-P, SFBC "Biology of Renal Function and Renal Failure"
working group (2008) Cystatin C: current position and future
prospects. Clin Chem Lab Med 46:1664–1686

82. Conti M, Moutereau S, Zater M, Lallali K, Durrbach A, Manivet
P, Eschwège P, Loric S (2006) Urinary cystatin C as a specific
marker of tubular dysfunction. Clin Chem Lab Med 44:288–291

83. ChungMY, Jun DW, Sung SA (2010) Diagnostic value of cystatin
C for predicting acute kidney injury in patients with liver cirrhosis.
Korean J Hepatol 16:301–307

84. Samyn M, Cheeseman P, Bevis L, Taylor R, Samaroo B, Buxton-
Thomas M, Heaton N, Rela M, Mieli-Vergani G, Dhawan A
(2005) Cystatin C, an easy and reliable marker for assessment of
renal dysfunction in children with liver disease and after liver
transplantation. Liver Transpl 11:344–349

85. Nehus EJ, Laskin BL, Kathman TI, Bissler JJ (2013) Performance
of cystatin C-based equations in a pediatric cohort at high risk of
kidney injury. Pediatr Nephrol 28:453–461

86. Debray D, Yousef N, Durand P (2006) New management options
for end-stage chronic liver disease and acute liver failure: potential
for pediatric patients. Paediatr Drugs 8:1–13

87. Tazi KA, Moreau R, Hervé P, Dauvergne A, Cazals-Hatem D, Bert
F, Poirel O, Rabiller A, Lebrec D (2005) Norfloxacin reduces aortic

NO synthases and proinflammatory cytokine up-regulation in cir-
rhotic rats: role of Akt signaling. Gastroenterology 129:303–314

88. Fernández J, Navasa M, Planas R, Montoliu S, Monfort D,
Soriano G, Vila C, Pardo A, Quintero E, Vargas V, Such J,
Ginès P, Arroyo V (2007) Primary prophylaxis of spontaneous
bacterial peritonitis delays hepatorenal syndrome and improves
survival in cirrhosis. Gastroenterology 133:818–824

89. de Carvalho JR, Villela-Nogueira CA, Luiz RR, Guzzo PL, da
Silva Rosa JM, Rocha E, Moraes Coelho HS, de Mello Perez R
(2012) Acute kidney injury network criteria as a predictor of hos-
pital mortality in cirrhotic patients with ascites. J Clin
Gastroenterol 46:e21–e26

90. Umgelter A, ReindlW, FranzenM, Lenhardt C, HuberW, Schmid
RM (2009) Renal resistive index and renal function before and
after paracentesis in patients with hepatorenal syndrome and tense
ascites. Intensive Care Med 35:152–156

91. Umgelter A, Reindl W, Wagner KS, Franzen M, Stock K, Schmid
RM, Huber W (2008) Effects of plasma expansion with albumin
and paracentesis on haemodynamics and kidney function in criti-
cally ill cirrhotic patients with tense ascites and hepatorenal syn-
drome: a prospective uncontrolled trial. Crit Care 12:R4

92. Bernardi M, Servadei D, Trevisani F, Rusticali AG, Gasbarrini G
(1985) Importance of plasma aldosterone concentration on the
natriuretic effect of spironolactone in patients with liver cirrhosis
and ascites. Digestion 31:189–193

93. Ginès P, Cárdenas A, Arroyo V, Rodés J (2004) Management of
Cirrhosis and Ascites. N Engl J Med 350:1646–1654

94. Bellot P, Welker M-W, Soriano G, von Schaewen M, Appenrodt B,
Wiest R, Whittaker S, Tzonev R, Handshiev S, Verslype C, Moench
C, Zeuzem S, Sauerbruch T, Guarner C, Schott E, Johnson N, Petrov
A, Katzarov K, Nevens F, Zapater P, Such J (2013) Automated low
flow pump system for the treatment of refractory ascites: a multi-
center safety and efficacy study. J Hepatol 58:922–927

95. European Association for the Study of the Liver (2010) EASL
clinical practice guidelines on the management of ascites, sponta-
neous bacterial peritonitis, and hepatorenal syndrome in cirrhosis.
J Hepatol 53:397–417

96. Caraceni P, Domenicali M, Tovoli A, Napoli L, Ricci CS, Tufoni
M, Bernardi M (2013) Clinical indications for the albumin use:
still a controversial issue. Eur J Intern Med 24:721–728

97. Garcia-Martinez R, Caraceni P, Bernardi M, Gines P, Arroyo V, Jalan
R (2013) Albumin: pathophysiologic basis of its role in the treatment
of cirrhosis and its complications. Hepatology 58:1836–1846

98. Facciorusso A, Nacchiero MC, Rosania R, Laonigro G, Longo N,
Panella C, Ierardi E (2011) The use of human albumin for the
treatment of ascites in patients with liver cirrhosis: item of safety,
facts, controversies and perspectives. Curr Drug Saf 6:267–274

99. Wong F (2007) Drug insight: the role of albumin in the manage-
ment of chronic liver disease. Nat Clin Pract Gastroenterol
Hepatol 4:43–51

100. Delmas A, Leone M, Rousseau S, Albanèse J, Martin C (2004)
Clinical review: vasopressin and terlipressin in septic shock pa-
tients. Crit Care 9:212

101. Solanki P, Chawla A, Garg R, Gupta R, Jain M, Sarin SK (2003)
Beneficial effects of terlipressin in hepatorenal syndrome: a pro-
spective, randomized placebo-controlled clinical trial. J
Gastroenterol Hepatol 18:152–156

102. Fayed N, Refaat EK, Yassein TE, Alwaraqy M (2013) Effect of
perioperative terlipressin infusion on systemic, hepatic, and renal
hemodynamics during living donor liver transplantation. J Crit
Care 28:775–782

103. Gerbes AL, Huber E, Gülberg V (2009) Terlipressin for
hepatorenal syndrome: continuous infusion as an alternative to
i.V. Bolus administration. Gastroenterology 137:1179 author re-
ply 1179-1181

58 Pediatr Nephrol (2019) 34:45–59



104. Cavallin M, Piano S, Romano A, Fasolato S, Frigo AC, Benetti G,
Gola E, Morando F, StancoM, Rosi S, Sticca A, Cillo U, Angeli P
(2016) Terlipressin given by continuous intravenous infusion ver-
sus intravenous boluses in the treatment of hepatorenal syndrome:
a randomized controlled study. Hepatology 63:983–992

105. Sanyal AJ, Boyer T, Garcia-Tsao G, Regenstein F, Rossaro L,
Appenrodt B, Blei A, Gülberg V, Sigal S, Teuber P, Terlipressin
Study Group (2008) A randomized, prospective, double-blind,
placebo-controlled trial of terlipressin for type 1 hepatorenal syn-
drome. Gastroenterology 134:1360–1368

106. Martín-Llahí M, Pépin M-N, Guevara M, Díaz F, Torre A,
Monescillo A, Soriano G, Terra C, Fábrega E, Arroyo V, Rodés
J, Ginès P, Investigators TAHRS (2008) Terlipressin and albumin
vs albumin in patients with cirrhosis and hepatorenal syndrome: a
randomized study. Gastroenterology 134:1352–1359

107. Moreau R, Durand F, Poynard T, Duhamel C, Cervoni J-P, Ichaï P,
Abergel A, Halimi C, Pauwels M, Bronowicki JP, Giostra E, Fleurot
C, Gurnot D, Nouel O, Renard P, Rivoal M, Blanc P, Coumaros D,
Ducloux S, Levy S, Pariente A, Perarnau JM, Roche J, Scribe-Outtas
M, Valla D, Bernard B, Samuel D, Butel J, Hadengue A, Platek A,
Lebrec D, Cadranel JF (2002) Terlipressin in patients with cirrhosis
and type 1 hepatorenal syndrome: a retrospective multicenter study.
Gastroenterology 122:923–930

108. Fabrizi F, Dixit V, Martin P (2006) Meta-analysis: terlipressin
therapy for the hepatorenal syndrome. Aliment Pharmacol Ther
24:935–944

109. Boyer TD, Sanyal AJ, Garcia-Tsao G, Blei A, Carl D, Bexon AS,
Teuber P, Terlipressin Study Group (2011) Predictors of response to
terlipressin plus albumin in hepatorenal syndrome (HRS) type 1: rela-
tionship of serum creatinine to hemodynamics. J Hepatol 55:315–321

110. Boyer TD, Sanyal AJ, Wong F, Frederick RT, Lake JR, O’Leary JG,
Ganger D, Jamil K, Pappas SC, REVERSE Study Investigators
(2016) Terlipressin plus albumin is more effective than albumin alone
in improving renal function in patients with cirrhosis and hepatorenal
syndrome type 1. Gastroenterology 150:1579–1589.e2

111. Cárdenas A, Ginès P, Marotta P, Czerwiec F, Oyuang J, Guevara
M, Afdhal NH (2012) Tolvaptan, an oral vasopressin antagonist, in
the treatment of hyponatremia in cirrhosis. J Hepatol 56:571–578

112. Deep A, Stewart CE, Dhawan A, Douiri A (2016) Effect of con-
tinuous renal replacement therapy on outcome in pediatric acute
liver failure. Crit Care Med 44:1910–1919

113. Yuan J, Ye Q, Zhang H, Ming Y, Gui M, Ji Y, Sun J, Wang JW,
Ren ZH, Cheng K, Zhao YJ, Sun PL, Wu K, Ji LZ (2009)
Evaluation of the renal replacement therapy on the liver transplant
patients with acute renal failure. Zhonghua Gan Zang Bing Za Zhi
17:334–337

114. Schaefer B, Schmitt CP (2013) The role of molecular adsorbent
recirculating system dialysis for extracorporeal liver support in
children. Pediatr Nephrol 28:1763–1769

115. Smith SK, Rosenthal P (2017) Pediatric liver failure: we came, we
saw, but have we conquered? [version 1; referees: 2 approved].
F1000Research 2017, 6(F1000 Faculty Rev):1540. https://doi.org/
10.12688/f1000research.9623.1

116. Paglialonga F, Ardissino G, Biasuzzi A, Testa S, Edefonti A
(2012) Tandem plasma-exchange and haemodialysis in a paediat-
ric dialysis unit. Pediatr Nephrol 27:493–495

117. Evenepoel P, Laleman W, Wilmer A, Claes K, Kuypers D,
Bammens B, Nevens F, Vanrenterghem Y (2006) Prometheus
versus molecular adsorbents recirculating system: comparison of
efficiency in two different liver detoxification devices. Artif
Organs 30:276–284

118. Mitzner S, Klammt S, Stange J, Nöldge-Schomburg GFE,
Schmidt R (2005) Extracorporeal blood purification in severe liv-
er failure with the albumin dialysis MARS—impact on relevant

intensive care parameters. Anasthesiol Intensivmed Notfallmed
Schmerzther 40:199–206

119. Bañares R, Nevens F, Larsen FS, Jalan R, Albillos A, Dollinger M,
Saliba F, Sauerbruch T, Klammt S, Ockenga J, Pares A, Wendon J,
Brünnler T, Kramer L, Mathurin P, de la Mata M, Gasbarrini A,
Müllhaupt B, Wilmer A, Laleman W, Eefsen M, Sen S, Zipprich A,
Tenorio T, Pavesi M, Schmidt HH,Mitzner S, Williams R, Arroyo V,
RELIEF study group (2013) Extracorporeal albumin dialysis with the
molecular adsorbent recirculating system in acute-on-chronic liver
failure: the RELIEF trial. Hepatology 57:1153–1162

120. He GL, Feng L, Duan CY, Hu X, Zhou CJ, Cheng Y, Pan MX,
Gao Y (2015) Meta-analysis of survival with the molecular adsor-
bent recirculating system for liver failure. Int J Clin Exp Med 8:
17046–17054

121. Falkenhagen D, StroblW, Vogt G, Schrefl A, Linsberger I, Gerner
FJ, Schoenhofen M (1999) Fractionated plasma separation and
adsorption system: a novel system for blood purification to re-
move albumin bound substances. Artif Organs 23:81–86

122. Rifai K, Ernst T, Kretschmer U, Haller H, Manns MP, Fliser D
(2006) Removal selectivity of Prometheus: a new extracorporeal
liver support device. World J Gastroenterol 12:940–944

123. Rifai K, Manns MP (2006) Review article: clinical experience
with Prometheus. Ther Apher Dial 10:132–137

124. Deutsches Register Klinischer Studien (DRKS; German Clinical
Trials Register) Extracorporeal liver support therapy with
Prometheus in patients with hepato-renal syndrome: LUTHER pilot
study. Universal Trial Number (UTN): U1111-1115-4645. [Internet].
Available from: https://drks-neu.uniklinikfreiburg.de/drks_ web/
navigate .do?navigat ionId=tr ia l .HTML&TRIAL_ID=
DRKS00000441

125. Rees CJ, Rose JD, Record CO, Day CP, Bassendine MF, James
OF, Hudson M (1997) Transjugular intrahepatic portosystemic
shunt: a limited role in refractory ascites. Eur J Gastroenterol
Hepatol 9:969–973

126. Xing T, Zhong L, Chen D, Peng Z (2013) Experience of combined
liver-kidney transplantation for acute-on-chronic liver failure pa-
tients with renal dysfunction. Transplant Proc 45:2307–2313

127. Nadim MK, Sung RS, Davis CL, Andreoni KA, Biggins SW,
Danovitch GM, Feng S, Friedewald JJ, Hong JC, Kellum JA,
Kim WR, Lake JR, Melton LB, Pomfret EA, Saab S, Genyk YS
(2012) Simultaneous liver–kidney transplantation summit: current
state and future directions. Am J Transplant 12:2901–2908

128. Snowdon VK, Lachlan NJ, Hoy AM, Hadoke PWF, Semple SI,
Patel D, Mungall W, Kendall TJ, Thomson A, Lennen RJ, Jansen
MA, Moran CM, Pellicoro A, Ramachandran P, Shaw I, Aucott
RL, Severin T, Saini R, Pak J, Yates D, Dongre N, Duffield JS,
Webb DJ, Iredale JP, Hayes PC, Fallowfield JA (2017) Serelaxin
as a potential treatment for renal dysfunction in cirrhosis: preclin-
ical evaluation and results of a randomized phase 2 trial. PLoS
Med 14:e1002248

129. Singer AL, Olthoff KM, Kim H, Rand E, Zamir G, Shaked A
(2001) Role of plasmapheresis in the management of acute hepatic
failure in children. Ann Surg 234:418–424

130. Chavez-Tapia NC, Mendiola-Pastrana I, Ornelas-Arroyo VJ,
Noreña-Herrera C, Vidaña-Perez D, Delgado-Sanchez G, Uribe
M, Barrientos-Gutierrez T (2015) Granulocyte-colony stimulating
factor for acute-on-chronic liver failure: systematic review and
meta-analysis. Ann Hepatol 14:631–641

Answers

1. d; 2. d; 3. b; 4. a; 5. d

Pediatr Nephrol (2019) 34:45–59 59

https://doi.org/10.12688/f1000research.9623.1
https://doi.org/10.12688/f1000research.9623.1
https://drks-neu.uniklinikfreiburg.de/drks_%20web/navigate.do?navigationId=trial.HTML&TRIAL_ID=DRKS00000441
https://drks-neu.uniklinikfreiburg.de/drks_%20web/navigate.do?navigationId=trial.HTML&TRIAL_ID=DRKS00000441
https://drks-neu.uniklinikfreiburg.de/drks_%20web/navigate.do?navigationId=trial.HTML&TRIAL_ID=DRKS00000441

	Acute kidney injury in children with chronic liver disease
	Abstract
	Introduction
	The natural history of chronic liver disease
	AKI in liver disease—definitions
	Classification of kidney injury in liver failure
	Kidney injury in ACLF
	Hepatorenal syndrome
	Epidemiology of HRS
	Pathophysiology of AKI in HRS
	Diagnosis and role of biomarkers
	Neutrophil gelatinase-associated lipocalin
	Cystatin C

	Treatment
	Pharmacological treatment of HRS
	Albumin
	Vasoconstrictors
	Vaptans

	Extracorporeal therapies
	Renal replacement therapy
	Liver assist devices and tandem therapies
	Molecular adsorbent recirculating system
	Prometheus system


	Surgical options
	Liver and Liver–kidney transplantation

	Proposed algorithms for managing patients with AKI in chronic liver disease
	Future directions
	Conclusion
	Key learning points
	Multiple-choice questions (answers are provided following the reference list)
	References


