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Abstract

Hepatorenal syndrome (HRS) occurs in patients with cirrhosis or fulminant hepatic failure and is a kind of pre-renal failure due to
intense reduction of kidney perfusion induced by severe hepatic injury. While other causes of pre-renal acute kidney injury (AKI)
respond to fluid infusion, HRS does not. HRS incidence is 5% in children with chronic liver conditions before liver transplantation.
Type 1 HRS is an acute and rapidly progressive form that often develops after a precipitating factor, including gastrointestinal bleeding
or spontaneous bacterial peritonitis, while type 2 is considered a slowly progressive form of kidney failure that often occurs sponta-
neously in chronic ascites settings. HRS pathogenesis is multifactorial. Cirrhosis causes portal hypertension; therefore, stasis and
release of vasodilator substances occur in the hepatic vascular bed, leading to vasodilatation of splanchnic arteries and systemic
hypotension. Many mechanisms seem to work together to cause this imbalance: splanchnic vasodilatation; vasoactive mediators;
hyperdynamic circulation states and subsequent cardiac dysfunction; neuro-hormonal mechanisms; changes in sympathetic nervous
system, renin-angiotensin system, and vasopressin. In patients with AKI and cirrhosis, fluid expansion therapy needs to be initiated as
soon as possible and nephrotoxic drugs discontinued. Once HRS is diagnosed, pharmacological treatment with vasoconstrictors,
mainly terlipressin plus albumin, should be initiated. If there is no response, other options can include surgical venous shunts and
kidney replacement therapy. In this regard, extracorporeal liver support can be a bridge for liver transplantation, which remains as the
ideal treatment. Further studies are necessary to investigate early biomarkers and alternative treatments for HRS.

Keywords Hepatorenal syndrome - Physiopathology - Type 1 hepatorenal syndrome - Type 2 hepatorenal syndrome - Treatment -
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Introduction

Treatment of children and adolescents with chronic hepatic
conditions is a real challenge. Many situations can make this
challenge even bigger, and the hepatorenal syndrome (HRS)
is one of them. Hepatorenal syndrome occurs in patients with
cirrhosis or fulminant hepatic failure and is a kind of pre-renal
failure due to intense reduction of kidney perfusion induced
by increasingly severe hepatic injury. HRS is considered a
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potentially reversible condition, but generally associated with
very poor prognosis [1].

Reported HRS incidence is 5% for children with chronic
liver conditions before liver transplantation. However, this
percentage may be underestimated because specific pediatric
diagnostic criteria are lacking [2]. It is also important to men-
tion that there is a special need to differentiate HRS from other
causes of acute kidney injury (AKI) [2]. Other causes of AKI
in cirrhotic patients include the following: (a) pre-renal AKI,
as the most common in children (i.e., hypovolemia due to
gastrointestinal bleeding, aggressive diuretic treatment or in-
fections), (b) intrinsic causes such as acute tubular necrosis,
and, although very rare, (c) post-renal causes. While the pre-
renal AKI responds to fluid infusion, the HRS does not im-
prove following fluid therapy, and the other causes of AKI are
associated with manifestations that allow identification.

The physiopathology is not entirely known; however, por-
tal hypertension plays an important role. It is believed that the
production of vasodilators and inflammatory cytokines in the
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splanchnic circulation results in a progressive rise in cardiac
output and fall in systemic vascular resistance [1, 2]. Despite
local increases of renal and femoral vascular resistance, the
decline in kidney perfusion is persistent. This mechanism is
associated with reduction in glomerular filtration rate (GFR)
and sodium and water retention. Sodium excretion is often
less than 10 mEq/day in advanced cirrhosis. A significant fall
in mean arterial pressure can also be observed, despite the
intense renal vasoconstriction. The renin angiotensin system
(RAS) also plays an important role in all these pathways [1, 3].

HRS has two types. Type 1 is an acute and rapidly progres-
sive form that often develops after a precipitating factor such
as gastrointestinal bleeding or spontaneous bacterial peritoni-
tis. Type 2 is a slowly progressive form of kidney failure that
often occurs spontaneously in chronic ascites settings [4].

Some studies have shown that vasoconstrictor therapy with
vasopressin analogues, mainly terlipressin, can improve kid-
ney function and survival in adults [4]. On the other hand, few
studies have evaluated the use of this medication in children.
Liver transplantation is, to date, the only treatment that en-
sures long-term survival for children [4].

Therefore, this paper aims to review the literature and to
address the latest findings on the pathophysiology, diagnosis,
and treatment of HRS in children and adolescents.

Physiopathology

The pathogenesis of HRS is multifactorial. Many mechanisms
are related to the deterioration of hepatic disease, leading to
HRS (Fig. 1). It is important to point out that few studies have
been conducted in children and, therefore, the physiopatho-
logical mechanisms are based on findings provided by adult
patients [4—7].

HRS physiopathology starts with cirrhosis, which has
many etiologies in pediatric patients, the most common being
biliary atresia, choledochal cysts, hepatitis by virus B (HBV)
and C (HCV), and autoimmune hepatitis, among others [5].
Cirrhosis causes portal hypertension, i.e., higher resistance in
the intrahepatic flow [6]. Therefore, stasis and release of va-
sodilator mediators occur in the hepatic vascular bed, leading
to vasodilatation of splanchnic arteries and systemic hypoten-
sion, the latter because of the lower peripheral vascular resis-
tance [7].

Ascites and edema develop due to a couple of mechanisms:
“overflow,” which represents a primary event in the proximal
kidney tubule, leads to water and salt retention, causing in-
creased hydrostatic pressure and fluid extravasation. On the
other hand, “underfilling,” proposed by Schrier et al. in 1988,
considers that portal hypertension results in hypovolemia and
in compensatory kidney responses that promote water and salt
retention [8]. Hydrosaline retention produces edema by
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extravascular bound flow of intravascular fluids, leading to a
positive feedback loop that aggravates both edema and ascites

(8].

Splanchnic vasodilatation

Splanchnic vasodilatation is one of the most important fea-
tures of HRS. The primary mechanism is still unknown, al-
though it is directly related to the decrease in intrahepatic
vascular resistance and to the opening of portosystemic shunts
and minor arteriovenous fistulae [9]. Various vasoactive me-
diators were proposed to exert vasodilator effect. The main
ones are nitric oxide, glucagon, carbon monoxide, prostacy-
clin (I, prostaglandin), epoxyeicosatrienoic acids, endogenous
cannabinoids, and adrenomedullin.

* Nitric oxide has a short half-life and its increased produc-
tion in mesenteric circulation is responsible for the reduc-
tion of splanchnic vascular resistance and, thus, for vaso-
dilation [10]. The hyperactive production of NO and en-
dothelial NO synthase (eNOS) in the endothelium of su-
perior mesenteric arteries before the splanchnic circulation
becomes hyperdynamic corroborates this hypothesis [11].

* Glucagon is a peptide hormone released by pancreatic
alpha cells, which has a known effect of dwindling vascu-
lar resistance by desensitizing smooth vascular muscle to
the effects of vasoconstrictors such as catecholamine and
angiotensin I1. Thus, the mesenteric circulation undergoes
peripheral vasodilatation under the effect of
supraphysiological levels. The proposed mechanism for
hyperglucagonism is functional hepatic failure and the
numerous portosystemic collateral vessels that allow glu-
cagon to escape hepatic degradation. In addition, there is
hypersecretion of alpha pancreatic cells in portal hyperten-
sion [9, 12].

» Carbon monoxide (CO) is a gaseous molecule resulting
from endogenous metabolism. Its principal source is the
heme oxidase enzyme (HO), which catalyzes the degrada-
tion of the heme group releasing CO, iron, and biliverdin.
The main mechanism of vasodilation is the stimulation of
soluble guanylyl cyclase, causing hyperpolarization of
vascular myocytes leading to peripheral vasodilatation,
mostly in the splanchnic circulation [13, 14]. Di Pascoli
et al. [13] also emphasized that the vasodilation is related
to CO capacity of inhibiting 20-hydroxyeicosatetraenoic
acid, a precursor of vasoconstrictive leukotrienes. In cir-
rhotic rats with pre-hepatic portal hypertension, studies
have shown an increase of HO-1 expression in mesenteric
vasculature. Shear stress, glucagon, NO, angiotensin II,
inflammatory agents, endotoxins, and cytokines might in-
duce HO-1 [14, 15]. Overexpression of subunits of large-
conductance Ca’*-activated K* channels (BKc, «
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subunit) in cirrhotic rats as a response to CO stimulation
was also reported [16].

* Prostacyclin (prostaglandin I,) is a systemic vasodilator
derived from the endothelium that contributes to vascular
musculature relaxation by activating adenylyl cyclase and,
thus, inducing cAMP production. In patients with cirrho-
sis, PGI, increases in the gastric mucosa contributing to
vasodilation in HRS [17]. On the other hand, a study by
Moore et al. [17] detected that the amount of this vasodi-
lator excreted is too little to produce systemic vasodilation.
However, recent studies have shown that PGI, inhibition
by indomethacin administration significantly increases the
peripheral vascular resistance and decreases the hepatic
blood flow [18].

» Epoxyeicosatrienoic acid (EET) is a product of arachidon-
ic acid metabolism. Its behavior during the progression of
portal hypertension is paradoxical: in the peripheral vas-
cular bed, this molecule has a vasodilator effect, but, in the
portal circulation, it exerts vasoconstrictive action [19].
The mechanism of action involves the interaction between
EET and HO-1 isoenzyme [20]. Furthermore, EET also
acts via calcium-activated potassium channels.

* Endogenous cannabinoids (EC) are neurotransmitters
originating from arachidonic acid metabolism. High levels
of anandamide and CD1 receptors were observed in cir-
rhotic rats, indicating that anandamide is the main EC
responsible for splanchnic vasodilatation in severe hepatic
disease [21]. Other EC receptors related to splanchnic va-
sodilation can be found in cirrhosis, such as TRPV1 [22].
Some studies have shown that CB1 receptors are located
mostly in the adventitia and the endothelial monolayer
[22]. The same study did not find CB1 mRNA or protein
in femoral arteries, indicating the selectivity of the
substance.

* Cytokines have a role in the inflammatory response trig-
gered by intraluminal bacterial translocation, especially in
HRS-2, that results in increased circulating levels of TNF
and IL-6 [9].

* Adenosine contributes to the development of HRS by
causing vasodilation of splanchnic vessels and renal vaso-
constriction. In animal models, adenosine analogues se-
lective to Al receptor, perfused at constant flux, cause
vasoconstriction in the kidneys of rats. The probable
mechanism is that adenosine increases the Ca** concen-
trations in the smooth muscle cells of kidney vessels, lead-
ing to vasoconstriction [23].

Hyperdynamic circulation states and subsequent
cardiac dysfunction

The decreased peripheral vascular resistance and low blood
pressure result in hyperdynamic circulation as a mechanism to
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restore homeostasis. Therefore, cardiac debt and cardiac rate
are intensified. Many studies have shown the existence of
hyperdynamic circulation in humans and rats with portal hy-
pertension, as long as there would be a portosystemic shunt [8,
24, 25]. Benoit et al. [24] confirmed this hypothesis by veri-
fying that collateral portal veins develop gradually as a
portosystemic shunt after portal vein stenosis in rats.

If hepatic disease progresses and splanchnic vasodilatation
increases, the initial increase in cardiac debt is not enough to
maintain homeostasis. Even though neuro-hormonal activity
enhances due to the release of chronotropic and inotropic pos-
itive mediators, the heart becomes less responsive, not provid-
ing the expected compensatory mechanism [26].

A condition known as cirrhotic cardiomyopathy has been
described and is characterized by an enfeebled systolic and
diastolic contraction in response to ventricular hypertrophy
and chamber dilatation [6]. Loss of adrenergic signal trans-
duction, changes in plasma membrane of the myocardium,
and higher levels of cardiac depressant substances, including
biliary acids, endotoxins, cytokines, NO, and carbon monox-
ide, are the proposed mechanisms [27]. This is a risk factor for
the development of HRS [28].

On the other hand, it is as yet unconfirmed whether cardiac
dysfunction in HRS is caused by cardiomyopathy. Cardiac
dysfunction in HRS can be primarily functional, probably
related to a decrease in venous return. The reduced cardiac
debt may occur due to loss of cardiopulmonary pressure,
which is compatible with downward tendency of cardiac pre-
load. In addition, circulatory dysfunction in cirrhotic patients
can be reversed by intravenous albumin in association with
vasoconstrictors. The combination of these treatments boosts
venous return and cardiac debt [29].

Studies verified that in type 1 HRS there was significant
increase in cardiac debt and in cardiopulmonary pressure.
However, these changes were not observed in type 2 HRS.
In this latter condition, there was an increase in cardiac debt.
The reduced chronotropic function was comparable in patients
with both types of HRS [30]. One hypothesis that explains
why cardiac function in type 1 is more affected than in type
2 is the occurrence of left ventricle failure caused by sepsis
after spontaneous bacterial peritonitis (SBP) [27].

Vasoconstriction mechanisms

Neuro-hormonal mechanisms are activated in order to dimin-
ish hypovolemia caused by peripheral vasodilation, with the
goal of reestablishing circulatory homeostasis. These mecha-
nisms act on cutaneous, muscular, and cerebral circulation.
Femoral and brachial artery flows are also diminished in
HRS, as detected by echo-Doppler ultrasound. The conse-
quences of the decline in blood flow to these regions in HRS
have not been explored in detail, but some studies suggest that
patients with HRS type 2 and refractory ascites experience
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more episodes of muscle cramps. These episodes become less
frequent through venous albumin infusion [29].

Vasoconstriction of cerebral arteries can also be ob-
served, which is associated with renal vasoconstriction
and high plasma renin activity [29]. A study analyzed
the resistivity index (RI) of the middle cerebral artery of
37 patients with cirrhosis and compared it with the RI
of healthy patients. The results showed that the cerebral
arterial RI is higher in patients with cirrhosis and asci-
tes, and that there is a correlation between renal arterial
RI and cerebral arterial RI, suggesting a common mech-
anism of vasoconstriction for both organs [31]. This
reduction of cerebral blood flow might be a risk factor
for hepatic encephalopathy in HRS-1 patients [29].

The intrahepatic circulation is also influenced by the sym-
pathetic nervous system (SNS), angiotensin II, and vasopres-
sin. These mediators can cause vasoconstriction, thus elevat-
ing vascular resistance within the liver and worsening portal
hypertension. The effects are even higher in the hepatic circu-
lation, since the synthesis of NO is reduced in the liver of
patients with cirrhosis.

The main mechanisms related to this process are as fol-
lows: (1) activation of the SNS; (2) activation of the renin-
angiotensin-aldosterone system (RAAS); (3) non-osmotic hy-
persecretion of vasopressin; (4) higher production of vasodi-
lator prostanoids in the kidney.

» Activation of the SNS might be triggered by three mech-
anisms: (1) stimulus to pressure receptors in the carotid
arch, which respond to hypotension, and to volume recep-
tors in the atrium that are stimulated by hypovolemia; (2)
stimulus of hepatic baroreceptors independently of vol-
ume; and (3) response to metabolic changes. All these
mechanisms contribute to HRS [9]. The levels of plasma
norepinephrine are increased in patients with HRS, espe-
cially in those with sodium retention and ascites [32]. The
enhanced activity of the SNS is also associated with re-
ductions of kidney blood flow and glomerular filtration
rate (GFR), leading to low sodium urinary excretion.
Following lumbar sympathetic block, sodium urinary ex-
cretion improves and kidney blood flow increases [6, 32].

Lang et al. [9] reported that the infusion of glutamine
in the internal jugular vein did not alter kidney function
when the amino acid was administered through the por-
tal vein; however, it significantly reduced GFR and kid-
ney blood flow. This effect is possibly mediated by the
renal SNS [9]. The mechanism by which the SNS acts
in the kidney is related to o-adrenergic mediated vaso-
constriction of afferent arterioles, precipitating GFR de-
crease and sodium retention. Additionally, the SNS
stimulates renin secretion via [-adrenergic receptors,
further worsening sodium retention [9].

* Activation of renin-angiotensin-aldosterone system
(RAAS) is stimulated in 80% of patients with decompen-
sated cirrhosis, and even more in patients with HRS [9].
The classical RAAS axis includes angiotensin-converting
enzyme (ACE), the peptide angiotensin II (Ang II), and
the angiotensin II type 1 receptor (AT1R). The ACE-Ang
II-ATI1R axis protects, initially, kidney function by pro-
moting selective vasoconstriction of efferent glomerular
arterioles, and thus increasing glomerular filtration pres-
sure. Nonetheless, the exacerbated and imbalanced action
of Ang II increases intra-glomerular hypertension,
resulting in functional loss. Ang II also stimulates the re-
lease of aldosterone from the adrenocortical zona
glomerulosa, which acts in the distal tubules and
collecting ducts of the kidney, bolstering sodium reten-
tion. The last observed effect is higher sodium and water
retention, as well as lower GFR [9]. Recent studies by
Herath et al. [33], Tipnis et al. [34], and Donoghue et al.
[35] have changed our understanding of RAAS function,
by demonstrating that there is an alternative pathway in-
cluding the enzyme homolog to ACE, named ACE2 that
converts Ang II into Ang-(1-7), which, in turn, binds to
the G-coupled receptor Mas [34-37].

In experimental biliary fibrosis with hepatic injury, Mas
receptor expression was significantly increased. Paizis et al.
[38] also detected an upregulation of ACE2 in the hepatic
tissue of patients with cirrhosis and rats submitted to bile duct
ligation. Simdes ¢ Silva et al. [39] described many actions of
the alternative RAAS axis in the kidney, including vasodila-
tion, anti-proliferative, anti-inflammatory, and anti-fibrotic ef-
fects. Regarding kidney function, Ang-(1-7) can enhance wa-
ter reabsorption by acting in the distal nephron and by
interacting with the vasopressin V2 receptor [40—42]. In con-
trast, there are studies showing that Ang-(1-7) may exhibit
natriuretic and diuretic effects by inhibiting sodium reabsorp-
tion in the proximal tubules [43—45]. The vasodilator effect of
Ang (1-7), acting on the Mas receptor, was described in vitro
in pre constricted afferent arterioles of rabbits [46]. Ang-(1-7)
also promotes the production of NO, which counteracts the
response of Ang II in the renal vasculature [47-49]. Through
these mechanisms, Ang-(1-7) has a protective effect on the
kidneys, by raising blood flow and promoting vasodilation of
renal arterioles.

* Non-osmotic hypersecretion of vasopressin occurs at the
initial stages of severe hepatic disease. Renal vasoconstric-
tors become active and sodium and water reabsorption are
elevated, leading to ascites. At later stages, however, vaso-
pressin is activated, which leads to hyponatremia [50].
Through V2 receptors, vasopressin causes water retention
at the distal tubules and collecting ducts of the renal medul-
la. When blood pressure dysfunction is intense, however,
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vasopressin acts through V1 receptors exacerbating renal
vasoconstriction. Nevertheless, V1 receptor agonists have
been considered a viable treatment option for HRS, since
some studies have shown that vasopressin causes prefera-
bly splanchnic vasoconstriction [51].

* Endothelins are a group of three peptides that act through
ETA and ETp receptors. The main mechanism of
endothelins is the contraction of mesangial cells, decreas-
ing filtration area. An increase in plasma concentrations of
ET-1 and ET-3 has been observed, and the increase in ET-
1 is higher in severe hepatic disease [52]. Furthermore,
other studies show that there is an expressive increase of
ET-1 following hepatic transplantation, confirming the
importance of ET-1 in HRS physiopathology [53].

* Cysteinyl leukotrienes (LTE) are lipids of the eicosanoid
family that have a powerful effect upon smooth muscle
contraction. A notably higher level of LTE4 and N-acetil-
LTEA4, its smaller metabolite, was detected in the urine of
patients with HRS. These metabolites are potent vasocon-
strictors and can lead in vitro to mesangial constriction
[54]. Not only does a reduction in liver capture of LTE4
occur, but also an increase in its production through bac-
terial endotoxins, viral infections, and multiple tissue trau-
ma [55]. In addition, kidney synthesis of cysteinyl leuko-
trienes is generally high. On the other hand, plasma levels
are very low, and, because of that, unable to cause kidney
effects [9].

» Thromboxane A, release is secondary to vasoconstriction
and ischemia that increase its kidney excretion. However,
studies suggested that thromboxane A, is not a determi-
nant factor in HRS pathogenesis [17].

Physiopathological differences between type 1 and
type 2 HRS

HRS type 1 is characterized by a rapidly progressive impair-
ment of kidney function and is associated with a precipitating
factor, such as severe bacterial infection, gastrointestinal
bleeding, surgical procedures, or acute hepatitis superimposed
on cirrhosis [29]. Spontaneous bacterial peritonitis (SBP) is
the main bacterial infection associated with HRS-1. Studies
have shown that 25% of patients with SBP develop HRS-1,
regardless of the infection resolution with non-nephrotoxic
antibiotics [56]. The physiopathological mechanism relates
to severe circulatory dysfunction caused by an acute inflam-
matory response. The higher levels of cytokines and polymor-
phonuclear leukocytes in plasma and ascites fluid cause an
inflammatory response [57]. HRS-1 presents a poor progno-
sis, with patients having a survival rate of approximately
2 weeks [58].

Hepatorenal syndrome type 2 is characterized by moderate
and slowly progressive functional kidney impairment. The

@ Springer

most important clinical finding is severe ascites, with little or
no response to diuretics, a condition known as refractory as-
cites. Patient survival is, in general, about 4 to 6 months [58].

Recent studies have considered a third type of HRS to be
included in the syndrome classification. This new type refers
to cases of patients who already have a previous kidney dis-
ease and other patients who do not fulfill the HRS type 1 or 2
criteria [59]. Based on the studies conducted by McGuire et al.
[60], which included adult patients with cirrhosis, it was
shown that glomerulopathies are a common occurrence in
patients with hepatitis C virus (HCV)-induced cirrhosis,
who underwent liver transplantation [60]. Such patients could
not have been classified in other HRS categories, because they
presented previous kidney injuries. Nevertheless, they may
still develop HRS due to circulatory disturbances secondary
to the hepatic insufficiency. Hence, a new category was cre-
ated for this specific subtype of HRS, named type 3.
Considering that, all studies, until now, included only adult
patients. It is still necessary to conduct studies with the pedi-
atric population to understand HRS type 3 in this age group.
Additionally, chronic kidney disease might also coexist with
hepatic diseases in children and adolescents.

Diagnosis

The diagnosis of HRS is based on the International Club of
Ascites (ICA) criteria. It is important to consider that the clin-
ical setting and history of HRS in the pediatric population is
often different from adult patients. Cirrhosis in children occurs
mostly due to biliary atresia, a condition that, even with proper
surgical treatment, increases the chance of needing a liver
transplantation [58]. As such, these children should be closely
monitored and should be included on the list for liver trans-
plantation before the occurrence of HRS.

Accordingly, the percentage of occurrence of HRS in chil-
dren is low and there is a need to differentiate it from other
causes of AKI [61]. Other causes for AKI in cirrhotic patients
comprise the following: (a) pre-renal AKI, as the most com-
mon etiology in children (i.e., hypovolemia due to gastroin-
testinal bleeding, aggressive diuretic treatment or infections);
(b) intrinsic causes such as acute tubular necrosis; and, al-
though very rare, (c) post-renal causes. While the pre-renal
AKI responds to treatment with fluid infusion, the HRS is
irresponsive to fluid therapy. The other causes of AKI may
exhibit typical clinical findings that may help the diagnosis
[61, 62].

The ICA criteria have changed and evolved over time, but
it has the same principles, which are to establish the presence
of advanced liver disease in conjunction with kidney function
deterioration. The diagnosis is performed with the aid of se-
rum creatinine (sCr) as a marker of kidney function. This
approach poses some problems, such as an overestimation of
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kidney function in cirrhotic patients related to multiple factors,
including the following: reduction in creatinine production,
high levels of bilirubin interfering with the serum creatinine
(sCr) dosage assay, and increased secretion of creatinine,
among others [63].

Within these criteria, patients were classified as either type
1 HRS or type 2 HRS, the former being characterized as a
rapid worsening of kidney function often secondary to a pre-
cipitating event, such as SBP. The latter is characterized by a
slower worsening of kidney function, accompanied by refrac-
tory ascites [57]. Of note, most HRS in children will be sec-
ondary to a precipitating event [64].

Previously, the ICA criteria required a level of sCr>
2.5 mg/dL for therapy to be initiated [65]. This was problem-
atic because it can increase the risk of making a late diagnosis,
and consequently a late intervention of HRS [66]. The
ICA criteria, however, have recently been revised. It adopted
the concept of AKI to replace the old concept of acute renal
failure. According to this new paradigm, clinicians are now
encouraged to consider sCr change over baseline instead of an
absolute cut-off value [65].

AKI is defined by the ICA as follows [65]:

* Increase in sCr>0.3 mg/dL (>26.5 umol/L) within 48 h;
or,

e Increase over sCr>50% from baseline, which is known,
or presumed, to have occurred within the prior 7 days.

There is still the question of how to measure the baseline
creatinine level. The ICA recommends that, in the event that
the patient has a previously recorded level of sCr measured at
most 3 months prior to admission, this level should be used. If
there is more than one value, the latest recorded level should
be adopted as baseline sCr. If it is the case that the patient does
not have a recent measurement of sCr, the value of sCr at
admission can be set as baseline [65].

Subsequently, the revised AKI concept was incorpo-
rated for the diagnosis of HRS and it was proposed that
the old HRS-1/HRS-2 criteria might be replaced by the
new categories. HRS-acute kidney injury (HRS-AKI)
and HRS-non acute kidney injury (HRS-NAKI), which
encompasses HRS-CKD (HRS-chronic kidney disease)
and HRS-AKD (HRS-acute kidney disease) [65, 67].
The detailed criteria, both old and new versions, will
be further discussed.

Previously, type 1 HRS was classified based on a rapidly
progressive kidney dysfunction and also on an elevation of the
initial sCr to a level higher than 2.5 mg/dl. In addition, half
reduction of the initial 24-h creatinine clearance to a level that
was lower than 20 ml/min in a period of less than 2 weeks is
considered sufficient to diagnose this syndrome [67]. Type 2
HRS, however, was determined by refractory ascites and
slower, but still progressive, kidney dysfunction [67]. It is

important to note that this specific cut-off level for serum
creatinine is difficult to apply for the pediatric age group,
particularly in young children [64].

The differences between type 1 and type 2 to AKI/NAKI
classification were based on the cut-off value of sCr.
However, it might result in late and inaccurate diagnosis.
The new criteria should allow clinicians to intervene early in
the progression of HRS and thus lead to a better prognosis
[67] (Table 1).

Recently, it was shown that the inclusion of urine output
(UO) in the criteria for diagnosis of AKI improved its iden-
tification in patients with chronic liver diseases. In addition,
patients identified based on UO criteria, without sCr eleva-
tion, had higher mortality rates, leading to the belief that
this criteria might be of importance to determine prognosis
[67].

Treatment

Since the underlying cause of HRS is severe liver im-
pairment, liver transplantation (LTx) is often the best
therapeutic option for HRS [68]. Nevertheless, the mor-
tality rate is very high among HRS patients and many
patients may not survive until transplantation.
Additionally, pre-transplant kidney function is a predictor
of postoperative survival in patients undergoing LTx
[69]. Therefore, clinical therapies should be employed
as a bridge until LTx is feasible, with the goal of in-
creasing kidney function [70, 71]. With proper treatment
and early diagnosis, the outcome of LTx in HRS patients
can be similar to that of LTx in non-HRS patients [72].

Few studies have been reported regarding the disease in the
pediatric population and some existing treatment algorithms
specific for children were based on extrapolations of the data
about HRS in adults [62, 64].

In children, it is known that the use of agents that
can induce nephrotoxicity should be discontinued, as
well as non-steroidal anti-inflammatory drugs
(NSAIDs) and diuretic treatments [64, 70]. If SBP is
detected, early treatment with albumin infusion plus an-
tibiotic therapy can preserve kidney function in HRS
[70]. Ascites should be managed with paracentesis
followed by albumin infusion. It is also important to
ensure that the intravascular status of the patient is
maintained, with aggressive treatment of hypovolemia
with fluids/blood products and use of cardiac output
monitoring (ultrasound or invasive) [61, 62].

In patients at high risk for HRS, such as cirrhotic
patients with arterial hypotension, gastrointestinal bleed-
ing, and severe hyponatremia, it is recommended they
should be monitored closely for possible development
of HRS [70]. Pharmacological options can act by
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Table 1 Time changes in the classification of hepatorenal syndrome (HRS) subtypes
Old Criteria New Criteria
definition definition
HRS-1 “Rapidly progressive reduction of renal function as HRS-AKI “Defined by absolute increase in sCr 0.3 mg/dl
defined by a doubling of the initial sCr to a level greater within 48 hours and/or;
than 2.5 mg/dl or a 50% reduction of the initial 24-hour Urinary output 0.5 mg/kg B.W. 6 h and/or;
creatinine clearance to a level lower than 20 ml/min in Percent increase in sCr 50% using the last available
less than 2 weeks.”! value of outpatient sCr within 3 months as the
baseline value.”
HRS-NAKI HRS-AKD “Renal dysfunction that does not meet criteria for
AKI and lasts for less than 90 days.”
HRS-2  “Moderate renal failure (serum creatinine greater than HRS-CKD “A patient with cirrhosis and a GFR < 60 ml/min per

1.5 mg/dl or 133 pmol/l) which follows a steady or
slowly progressive course. Type-2 HRS is frequently
associated with refractory ascites.”!

1.73 m? for >3 months (HRS-CKD) in whom
other causes have been excluded.”

HRS hepatorenal syndrome, AK7 acute kidney injury, AKD acute kidney disease, CKD chronic kidney disease, HRS-AKI hepatorenal syndrome-acute

kidney injury, HRS-NAKI hepatorenal syndrome non-AKI

! Criteria for the diagnosis of Hepatorenal Syndrome. Guideline from International Club of Ascites

2 Angeli, Paolo; Garcia-Tsao, Guadalupe; Nadim, Mitra; Parikh, Chirag. News in pathophysiology, definition and classification of hepatorenal syn-
drome: A step beyond the International Club of Ascites (ICA) consensus document. Journal of Hepatology. (2019)

decreasing splanchnic vasodilation and reverting the ef-
fects of systemic hypovolemia, increasing mean arterial
pressure, and reversing the conditions that lead to renal
vasoconstriction [73]. The most often used and studied
medications are albumin in association with terlipressin
(vasopressin analogue), norepinephrine, and a combina-
tion of midodrine and octreotide (somatostatin analogue).
Albumin also can be used alone, as well as terlipressin
[74]. A recent meta-analysis included 24 articles with
1429 participants and found that terlipressin plus albu-
min is the best treatment for HRS [74]. The reversal of
HRS, defined as a decrease of 30% in serum creatinine
levels, and in adults to values below 1.5 mg/dL, may be
reached. Furthermore, the authors point out that the as-
sociation of norepinephrine and albumin exhibited no
significant difference from terlipressin plus albumin,
making it a viable candidate for treatment when
terlipressin may be not available or when the patient
does not respond to it [74].

Nevertheless, a multivariate analysis of a controlled
trial of terlipressin versus placebo revealed that the only
variable that may predict HRS reversal was baseline
serum creatinine. When serum creatinine was below
3 mg/dL in adults, the probability of HRS reversal
when treated with terlipressin was optimal, but it
worsens as baseline serum creatinine increases, becom-
ing negligible at 7 mg/dL or higher [66]. The contribu-
tion of vasoactive drugs to patient survival is still a
matter of debate in the context of HRS.

It has also been noted that the association of terlipressin
plus albumin is best when used in HRS-AKI (previously type
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1 HRS) patients due to the high rate of recurrence in patients
with HRS-NAKI (previously type 2). Therefore, it might not
be a recommended treatment for the latter, even in patients
waiting for LTx [64].

The aquaretic agents Vaptans can promote water ex-
cretion and diuresis leading to urine dilution and the
blockade of V2-mediated vasodilatation. Acting like
this, these agents can improve hyponatremia and ascites,
and, by so doing, increase plasma vasopressin concen-
trations. Recent studies show that Vaptans might also
play a role in elevating serum sodium concentration in
cirrhotic patients [75].

Extracorporeal kidney replacement therapies may also
be useful for the control and treatment of HRS.
Hemodialysis is the most recommended form for criti-
cally ill and pre-transplant patients, who have not
responded to other therapies. It can be intermittent or
continuous, depending on the severity of the patient’s
condition. [61]

Liver assist devices are also available and can be useful in
specific situations. These devices work by removing toxins
from the circulation, and available procedures include the fol-
lowing: (a) plasmapheresis combined with HD; (b) molecular
adsorbent recirculating system (MARS); and (c) Prometheus
dialysis [76-78].

(a) Tandem plasmapheresis and HD (TPH) is useful
for critically ill pediatric patients who present
with grade 3 hepatic encephalopathy and/or se-
vere hepatic failure with important coagulation
disturbance [76].
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(b) Molecular adsorbent recirculating system (MARS) is an
extracorporeal system, which combines high-flux HD,
filtration, and adsorption and uses an albumin-enriched
dialysate to remove toxins. Studies with adult patients
have shown benefits on kidney function and survival of
patients with acute liver failure. Studies in children are
still lacking [77].

(c) Another innovating extracorporeal system is
Prometheus® (Fresenius Medical Care, Bad Homburg,
Germany), which is based on the principles of fractional
plasma separation with high-flux HD. It promotes a
higher reduction of toxins, including ammonia, urea,
bilirubin, and cytokines. On the other hand, coagulation
factors and platelets remain unaltered, differing from
MARS. Its use in children is still incipient and studies
are necessary to know the potential benefits for this age
group. [78]

Other therapeutic options might be considered such
as transjugular intrahepatic portosystemic shunt (TIPS).
This procedure can increase preload, thus increasing
cardiac output and lowering portal system blood pres-
sure, one of the basic conditions of HRS [71]. Although
the beneficial effects of TIPS in reducing the mortality
rate of HRS type 1 and 2 patients have been shown
[79], it is still the last option due to its higher number
of contraindications and the higher risk of complica-
tions, such as hepatic encephalopathy [59, 79].

Despite this, LTx is still the ideal treatment for pa-
tients with HRS type 1, even children, irrespective of
any previous pharmacological treatment, as it removes
the fundamental cause of the disease. This was evident
in a clinical trial that analyzed the 6-month survival rate
of various groups of patients. The group that received
terlipressin plus albumin, but not LTx, had a survival
rate of 34%. However, the group that received only
albumin but did undergo LTx had a survival rate of
94% [68]. This indicates that patients who do not re-
ceive a liver transplant have a worse prognosis, even
when they are treated with the most effective drugs,
whereas patients that receive the transplantation have a
much better prognosis even if their pharmacological
treatment is only albumin.

More recently, simultaneous liver-kidney transplant
has become an option for patients with liver transplant
indication who also have severe kidney conditions and
who have no (or minimal) chance of recovering kidney
function after liver transplantation. Many studies and
also guidelines have tried to establish the indication
criteria, but to date, the individual evaluation of each
case scenario is the best recommendation [80].
Figure 2 shows the therapeutic steps for HRS. It is
important to emphasize that these options are based on

a low level of evidence, mainly observational data in
children. Therefore, individualized approaches should
be considered for specific patients.

Prognosis

Patients with chronic liver diseases suffer from the conse-
quences of the hemodynamic changes of progressive cirrhosis
that can result in ascites, hyponatremia, and AKI. The rela-
tionship between the hemodynamic changes caused by cirrho-
sis and kidney function is very important, as changes in kid-
ney blood flow can disturb renal handling of sodium and free
water excretion. Regardless of the cause of AKI, the prognosis
of children who have impaired kidney function is worse than
that of those who do not [81].

Lal et al. [82] studied 84 children with acute-on-
chronic liver failure, and between them found in
31.6% of cases that HRS was the cause of AKI. Also,
the authors found that 5 patients (26.3%) survived with
native liver, 10 (52.6%) died, and 4 (21.1%) underwent
liver transplantation. Although liver transplantation is
the best choice for these patients, nearly 40% of pedi-
atric liver transplant recipients develop chronic kidney
disease post-transplant and approximately 25% develop
clinical hypertension [83, 84]. This fact reinforces the
importance of early identification of patients at risk for
changes in kidney function and the adequacy of treat-
ment for this condition.

Concluding remarks

Despite the importance of HRS for pediatric patients
with liver diseases, there are very few studies with chil-
dren. Therefore, most information was provided by data
obtained in adult patients. The pathophysiology of this
disease begins with portal hypertension, leading to per-
manent splanchnic vasodilation. As a compensatory
mechanism for low vascular resistance, regulatory sys-
tems are activated, including RAAS and CNS. As a
consequence, cardiac debt increases and renal vasocon-
striction occurs. The persistence of these conditions may
cause cardiac dysfunction and reduced kidney function.
Several molecules take part in the physiopathology of
HRS and this line of investigation may allow the dis-
covery of novel biomarkers and therapeutic targets. The
new diagnostic criteria are based on kidney function
parameters and propose the terms HRS-AKI, HRS-
AKD, and HRS-CKD. HRS still has a very poor prog-
nosis and liver transplantation remains to be the ideal
treatment. Further studies are necessary to investigate
early biomarkers and alternative treatments for HRS.
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Fig. 2 Therapeutic flowchart for hepatorenal syndrome (HRS) in the pediat-
ric population. In patients with AKI and cirrhosis, volume expansion therapy
is initiated as soon as possible. To prevent bacterial translocation, prophylactic
antibiotics are employed. Nephrotoxic drugs are discontinued. Once HRS is
diagnosed, pharmacological treatment with vasoconstrictors, mainly
terlipressin plus albumin, should be promptly initiated. The main goal of
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pharmacological therapy is to act as a bridge therapy until liver transplantation
is possible. If there is no response to pharmacological treatment, other options
can be considered such as kidney replacement therapy. These therapeutic
options are based on studies with low level of evidence, mainly observational
data in children. Individualized approaches should be considered for specific
patients
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