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Abstract

Renal dysfunction occurs frequently in hospitalized patients with advanced chronic liver disease (ACLD)/cirrhosis and has profound
prognostic implications. In ACLD patients with ascites, hepatorenal syndrome (HRS) may result from circulatory dysfunction
that leads to reduced kidney perfusion and glomerular filtration rate (in the absence of structural kidney damage). The traditional
subclassification of HRS has recently been replaced by acute kidney injury (AKI) type of HRS (HRS-AKI) and non-AKI type
of HRS (HRS-NAKI), replacing the terms “HRS type 1” and “HRS type 27, respectively. Importantly, the concept of absolute
serum creatinine (sCr) cutoffs for diagnosing HRS was partly abandoned and short term sCr dynamics now may suffice for AKI
diagnosis, which facilitates early treatment initiation that may prevent the progression to HRS-AKI or increase the chances of AKI/
HRS-AKI reversal. Recent randomized controlled trials have established (a) the efficacy of (long-term) albumin in the prevention
of complications of ascites (including HRS-AKI), (b) the benefits of transjugular intrahepatic portosystemic shunt placement in
patients with recurrent ascites, and (c) the superiority of terlipressin over noradrenaline for the treatment of HRS-AKI in the context
of acute-on-chronic liver failure. This review article aims to summarize recent advances in the understanding and management of
HRS.
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Key points
e Current diagnostic criteria for acute kidney injury (AKI)
are based on changes in serum creatinine, thereby
facilitating its early diagnosis, which may prevent pro-
gression to the hepatorenal syndrome type of AKI
(HRS-AKI) and ensure timely treatment with albumin and
Vasopressors.

e Current data suggest that terlipressin should be pre-
ferred over noradrenalin for the treatment of HRS-AKI in
the setting of acute-on-chronic liver failure.

e Patients with uncomplicated ascites may benefit from
the long-term administration of albumin given that renal
dysfunction and HRS-AKI presumably are prevented
by modulation of systemic inflammation.

e Transjugular intrahepatic portosystemic shunt (TIPS)
improves hepatic hemodynamics and reduces the risks
of HRS-AKI and HRS-NAKI (formerly known as HRS
type 2) in patients with recurrent ascites.

Introduction

Renal dysfunction represents an important complication of
advanced chronic liver disease (ACLD)/cirrhosis and is associ-
ated with substantially increased morbidity and mortality. The
deterioration of kidney function in patients with ACLD has
been subdivided into acute kidney injury (AKI), chronic kidney
disease (CKD), and hepatorenal syndrome (HRS). Whereas
AKI and CKD may occur under similar circumstances as in the
general population, HRS is considered a distinct feature of
ACLD patients with ascites, is caused by a functional circulatory
impairment that is not fully counterbalanced by compensatory
mechanisms, and ultimately results in decreased glomerular
filtration rate (GFR). In recent years, several definition
criteria and (sub)classifications of renal impairment in ACLD
have been proposed, mostly aiming to reduce the thresh-
old for diagnosis and treatment. This review aims to provide
an overview of the most recent classification of renal dysfunction
in ACLD (with a particular focus on HRS), the state-of-the-art
therapeutic management, and recent studies providing important
implications for an optimized management of HRS.

Literature research

We screened the latest HRS guidelines of relevant societies, such
as the International Club of Ascites (ICA) and the European
Association for the Study of the Liver (EASL). Furthermore,
a literature search on PubMed was performed by using the
keywords ‘“hepatorenal syndrome” and “HRS AND cirrhosis”,
prioritizing randomized controlled trials (RCTs), meta-analyses,
and observational studies relevant for the recent refinement
and adaptions in the HRS definition. Importantly, we have
put an emphasis on studies published after latest consensus
statements and guidelines by the ICA (2015) and EASL
(2018). We considered peer-reviewed studies in English and
recently published abstracts from RCTs. Finally, we screened
ClinicalTrials.gov for ongoing RCTs by using the search term
“hepatorenal syndrome”.

Definition of renal impairment in advanced chronic
liver disease

Common definitions of renal impairment

The definition of renal impairment in ACLD has continually
evolved during the past decades, usually reflecting the definitions
used for acute or chronic kidney disease (or both) in the general
population. These definitions rely mostly on serum creatinine
(sCr) for the estimation of GFR considering the limitations of
sCr as a biomarker in the setting of ACLD'. However, owing to
its broad availability, sCr is still used to define and quantify
kidney dysfunction in ACLD.

First, the Risk, Injury, Failure, Loss of kidney function, and
End-stage kidney disease (RIFLE) criteria (Acute Dialysis Qual-
ity Initiative Group, 2002) classified acute kidney dysfunction
severity on the basis of sCr, GFR, or urine output (or a combina-
tion of these)”. Further development of this classification (Acute
Kidney Injury Network [AKIN], 2005) led to an additional defi-
nition criterion of AKI, namely an increase in sCr of 0.3 mg/dL
within 48 hours®. This decision was based on multiple studies
providing evidence for a significant impact of small short-term
sCr increases on prognosis*®. Finally, the AKI definition for the
general population was refined as an sCr increase of 0.3 mg/dL
within 48 hours, an sCr increase of 50% of baseline within
7 days, or urine output of less than 0.5 mL/kg per hour
for more than 6 hours (Kidney Disease: Improving Global
Outcomes [KDIGO] organization, 2012)’.

Advances in the definition of acute kidney injury in
advanced chronic liver disease

The criteria and terminology for AKI and HRS in patients with
ACLD have evolved over time. A first consensus agreement
(ICA, 1990) defined acute renal failure as an sCr increase by
50% from baseline to an sCr of at least 1.5 mg/dL*®. The
subsequent AKI definition based on AKIN criteria (see above)
displayed improved prognostic accuracy for complications and
mortality in multiple studies in patients with ACLD’"® and
thus was incorporated into ICA consensus recommendations
(2015)'°. Importantly, the ICA also suggested that baseline
sCr values within the last 3 months may be considered if no
baseline sCr within 7 days is available.

Finally, three AKI stages with additional substages were defined:
(a) an sCr increase of at least 0.3 mg/dL within 48 hours or
sCr increase by 1.5- to 2-fold from baseline denotes stage 1
(stage la with sCr of less than 1.5 mg/dL and 1b with sCr
of at least 1.5 mg/dL), (b) an sCr increase by 2- to 3-fold from
baseline defines stage 2, and (c) an sCr increase at least 3-fold
from baseline, an sCr value of at least 4 mg/dL in combina-
tion with an acute increase by at least 0.3 mg/dL, or initiation
of renal replacement therapy (RRT) defines stage 3'°. Of note,
owing to concerns that sodium retention'’ and the frequent use of
diuretics may interfere with this measure'®, the ICA rec-
ommendations did not include reduced urine output as a
criterion for defining AKI in ACLD. However, a panel of
experts (2019) suggested that this criterion be reinstated in a
recent position paper'® on the basis of subsequent findings that
reduced urine output still has prognostic value'.
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Advances in the definition of hepatorenal syndrome in
advanced chronic liver disease

The ICA (1996) defined HRS as a functional deterioration of
kidney function characterized by pronounced circulatory dys-
function in patients with ACLD and portal hypertension. Type
1 was diagnosed in case of a 2-fold increase of sCr to at least
2.5 mg/dL or a decrease of creatinine clearance by 50% to less
than 20 mL/min within 2 weeks. Conversely, cases of renal
failure with an sCr of at least 1.5 mg/dL not meeting these cri-
teria were named HRS type 2% An update of the ICA criteria
(2007) stated that active bacterial infection—in the absence of
shock—is not an exclusion criterion for HRS diagnosis and
recommended the use of albumin over saline for plasma
expansion”. Both the old and more recent ICA consensus
recommendations set common prerequisites for HRS: Cirrhosis
with ascites, absence of shock, no current or recent intake of
nephrotoxic drugs, and no evidence of structural kidney damage

(discussed in the ‘Differential diagnosis and novel biomarkers’
section below).

Next to the updated definition of AKI, the HRS subclassifica-
tion was also revised by the ICA (2015)': HRS type 1 was
renamed HRS-AKI, and both the time interval for kidney function
deterioration (2 weeks) and the sCr cutoff (=2.5 mg/dL) were
abandoned. Kidney dysfunction criteria for HRS-AKI (that
is, dynamics of sCr levels) were aligned with general AKI
criteria: sCr increase of at least 0.3 mg/dL within 48 hours
or sCr increase by at least 1.5-fold from baseline (sCr levels
within 3 months eligible) to reach a final sCr of at least 1.5 mg/dL
(corresponding to AKI 1b). Importantly, HRS diagnosis is con-
tingent only upon lack of improvement in kidney function
(that is, decrease in sCr) within 48 hours after cessation of
diuretics and volume expansion with albumin (1 g/kg per day
up to a maximum of 100 g per day)® (Table 1; Figure | and

Table 1. Old vs. new diagnostic criteria for hepatorenal syndrome in cirrhosis according to the
International Club of Ascites and the European Association for the Study of the Liver.

Old definition
HRS type 1

Renal function parameters:

e |ncrease of sCr by 2-fold to an absolute
concentration of 2.5 mg/dL within 2 weeks

Clinical criteria and differential diagnosis:
e ACLD with ascites
e Absence of shock or sepsis or both
* No structural kidney injury
o No proteinuria (<500 mg per day)

o No hematuria (<50 RBCs per high-power field)

o Normal ultrasonography
e No response to removal of risk factors (withdrawal

of diuretics and nephrotoxic drugs such as NSAIDs,

ACE inhibitors, aminoglycosides etc.), NSBB
cessation and fluid expansion for 2 days (albumin
1 g/kg per day up to a maximum of 100 g per day)

HRS type 2

Persisting increase of sCr at least 1.5 mg/dL not
meeting definition criteria of HRS type 1

New definition
HRS-AKI

Renal function parameters:

e Increase of sCr by at least 0.3 mg/dL within 48
hours or increase of sCr at least 1.5-fold from
baseline (closest value within a maximum of 3
months)

Clinical criteria and differential diagnosis:

e Basically unchanged

HRS-NAKI

HRS-AKD

e eGFR of less than 60 mL/min for less than
3 months

e No other causes of kidney dysfunction

e Increase in sCr by less than 1.5-fold from
baseline (closest value within a maximum of

3 months)

HRS-CKD

e eGFR of less than 60 mL/min for at least 3
months

e No other causes of kidney dysfunction

ACLD, advanced chronic liver disease; AKD, acute kidney disease; AKI, acute kidney injury; CKD, chronic kidney disease;
eGFR, estimated glomerular filtration rate; HRS, hepatorenal syndrome; NAKI, non-acute kidney injury; NSAID, non-steroidal
anti-inflammatory drug; NSBB, non-selective beta blocker; RBC, red blood cell; sCr, serum creatinine.
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New diagnostic criteria for
hepatorenal syndrome

/N sCr 20.3 mg/dL within 48h OR
/N sCr 21.5-fold from baseline (3 months)

sCr 21.5 mg/dL (AKI 1b)

Neither sCr cutoff at 22.5 mg/dL nor
2 weeks timespan required for diagnosis

B)  HRS-AKI

eGFR <60 mL/min for <3 months

m)  HRS-AKD

M sCr <1.5-fold from baseline (3 months)

HRS-CKD eGFR <60 mL/min for 23 months

Systemic inflammation

Antibiotics (AB)
- SBP prophylaxis with AB
may decrease HRS risk
- Currently unclear which
patients benefit from AB

Albumin
- Binding of proinflammatory
molecules
- Modulation of inflammation
- Long-term administration
reduces HRS-AKI incidence

Hepatorenal syndrome

Differential diagnosis &
non-response to treatment

& stop diuretics .
Tubular/structural injury
- Proteinuria or hematuria
_ - Urinary biomarkers (e.g. NGAL)
Diagnosis by - Tubular injury in HRS-AKI ?
exclusion v
Predictors of non-response
- High sCr at treatment initiation _

)\ - ACLF stage, MELD, Bilirubin Ultrasound
)\- Sepsis

Circulatory dysfunction &
renal perfusion

Albumin
- Plasma expansion
- Circulatory dysfunction

Vasopressors
- Terlipressin > Noradrenaline in
patients with HRS-AKI and ACLF

TIPS (2)

Figure 1. Graphical abstract of advances in understanding and managing hepatorenal syndrome (HRS) in advanced chronic liver
disease. ACLF, acute-on-chronic liver failure; AKD, acute kidney disease; AKI, acute kidney injury; ATN, acute tubular necrosis; CKD, chronic
kidney disease; DAMP, danger-associated molecular pattern; eGFR, estimated glomerular filtration rate; GFR, glomerular filtration rate;
MAP, mean arterial pressure; MELD, model for end-stage liver disease; NGAL, neutrophil gelatinase-associated lipocalin; PAMP, pathogen-
associated molecular pattern; RAAS, renin-angiotensin—aldosterone system; SBP, spontaneous bacterial peritonitis; sCr, serum creatinine;

TIPS, transjugular intrahepatic portosystemic shunting.

Figure 2). The revised definition of kidney dysfunction meant
to facilitate an earlier diagnosis of HRS and thus reduce the
time lag between worsening of kidney function and treatment
initiation. This change was triggered by studies indicating that
HRS reversal upon treatment with albumin and vasopressors
was less likely in patients with higher sCr levels at treat-
ment initiation, which may be indicative of a longer duration of
renal impairment?'-*.

Moreover, HRS type 2 was renamed HRS-NAKI (that is,
non-AKI), a term endorsed by the EASL (2018) on the basis of
the clinical experience that the traditional HRS type 2 comprised
very heterogeneous entities or courses of kidney dysfunction®.
First, HRS-NAKI is defined by not meeting HRS-AKI crite-
ria regarding the time course of sCr dynamics delineated above.
Second, HRS-NAKI was further determined and subclassified
by estimated GFR (eGFR) and the duration of kidney
dysfunction on the basis of KDIGO criteria for CKD (2005)*:
(a) an sCr increase of more than 50% or an eGFR of less than
60 mL/min per 1.73 m? for less than 3 months was termed
HRS-acute kidney disease (HRS-AKD), and (b) eGFR of less than
60 mL/min per 1.73 m? for more than 3 months was defined

as HRS-chronic kidney disease (HRS-CKD)*. Clinically,
HRS-NAKI is typically associated with refractory ascites that
is accompanied by gradual decreases in renal function; in
contrast, the main clinical feature of HRS-AKI is acute renal
failure.

Definition of treatment response

Criteria for response to AKI treatment were stated within the
latest ICA consensus as well as EASL clinical practice guide-
lines for decompensated cirrhosis and are widely accepted
regardless of treatment regimens and presence of HRS: (a) “no
response” is defined by the lack of AKI stage regression,
(b) “partial response” is achieved by AKI stage regression,
although sCr levels remain at least 0.3 mg/dL above baseline
value, and (c) “full response” is determined by a return to sCr
levels of less than 0.3 mg/dL above the baseline'**.

Pathophysiology of hepatorenal syndrome

Circulatory dysfunction

The role of circulatory dysfunction in development of HRS
was proposed more than 30 years ago on the basis of the
consideration that increased intrahepatic vascular tone promotes
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sCr increase 20.3 mg/dL within 48h
OR
sCr 21.5-fold from baseline (3 months)
I B ( I ~\ I
N < 2-fold N < 2-fold N > 3-fold
\sCr <1.5 mg/dL) L sCr>1.5 mg/dLJ { inZiosatod ] [ sCr > 4 mg/dL ]

L 4 ) 2

. AKI 1b W M
g J g J

i L 2 ¥ ) 2

Removal of N ( Removal of diuretics and risk factors
diuretics and AND
L risk factors ) L Albumin 1g/kg/day (max. 100g/day) for 2 days

1
= | ]
: Resolution :—[ Response ] M

4

( ) \
Differential diagnosis +/- urine biomarkers:
Meeting criteria for HRS-AKI?

Close follow-up

. J J
ﬁ%ecommendationsh I p I <

- Terlipressin superior to NO
Noradrenaline for HRS- \. J
AKI during ACLF ‘

- Continuous infusion of T —
terlipressin at 2 mg/day Vasoconstrictors & (RIERRIEET
(max. 12 mg/day) Albumin® treatment for specific

leumin 20-40g/day / % AKI subtype P
No response Partial response Full response
- No AKI regression - AKI stage regression - Return of sCr level within
i - sCr 2 0.3 mg/dL above baseline < 0.3 mg/dL of baseline

- Individualized treatment

Figure 2. Diagnostic and therapeutic algorithm for identification and management of acute kidney injury (AKI) and hepatorenal
syndrome-AKI (HRS-AKI) in cirrhosis. ACLF, acute-on-chronic liver failure; LT, liver transplantation; RRT, renal replacement therapy; sCr,
serum creatinine.
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the release of vasodilating molecules which lead to splanch-
nic vasodilation (Figure 1), a pathophysiological concept that
is not specific to HRS, as it also plays a major role in portal
hypertension in general®. Consequently, it was hypothesized
that peripheral arterial vasodilation promotes kidney dys-
function that cannot be counterbalanced by activation of the
renin—angiotensin—aldosterone  system (RAAS) and other
compensatory mechanisms®. This assumption was supported
by a study assessing systemic and hepatic hemodynamics in
patients with ascites before and after HRS development, which
found that patients with HRS exhibited increased heart rate
but paradoxically decreased cardiac output (possibly indica-
tive of cirrhotic cardiomyopathy®’) as well as lower blood
pressure while the hepatic venous pressure gradient (HVPG)
was higher. Moreover, the RAAS and sympathetic nervous
system were highly activated®. Glomerular pressure may
be maintained to a certain point (for example, by release of
prostaglandins into afferent arterioles); however, progression
of ACLD and aggravation of hyperdynamic circulation or pre-
cipitating events such as infections (or both) aggravate systemic
vasodilatation and may trigger (HRS-)AKI>.

Systemic inflammation

A considerable body of evidence supporting the impact of sys-
temic inflammation (SI) on disease progression and development
of extrahepatic organ—in particular, kidney dysfunction—in
ACLD has accumulated in recent years. From a clinical per-
spective, two recent studies demonstrated the negative impact
of SI on the course of ACLD in both stable’ and acutely
decompensated®! patients. Similarly, SI-related kidney dysfunc-
tion is indicated by the high prevalence of systemic inflam-
matory response syndrome (SIRS) reported in ACLD patients
with AKI?%. Bacterial translocation from the gut is
believed to promote SI in patients with ACLD on the basis
of the pathophysiological concept that (even in the absence
of evident bacterial infections) increased exposure to
pathogen-/danger-associated molecular patterns stimulates inflam-
matory responses within the liver and other organs (Figure 1)*.

Accordingly, intestinal decontamination with norfloxacin
decreased the expression of pro-inflammatory genes (for exam-
ple, Toll-like receptor 4 [TLR4] and caspase 3) in the kidneys of
rats with cirrhosis®, whereas ACLD patients with SI-associated
kidney injury exhibited increased renal TLR4 and caspase 3
gene expression, as well as urinary TLR4 secretion, as compared
with patients without kidney dysfunction®. Recently, cytokine
profiles were assessed in patients with acute decompensation
(AD) who had no renal dysfunction, hypovolemia-associated
(that is, pre-renal) AKI, or HRS-AKI. The last group was
characterized by significantly increased levels of different
pro-inflammatory cytokines, such as interleukin-6 (IL-6), IL-8,
tumor necrosis factor-alpha (TNF-o), vascular cell adhesion
protein 1 (VCAM-1), fractalkine, and macrophage inflamma-
tory protein-1 alpha (MIP-l1o)*’. Thus, an increasing number
of studies point to the important direct impact of SI, which
is also a central determinant of acute-on-chronic liver failure
(ACLF)*'*%_ on HRS development.

Cholemic nephropathy

The concept of cholemic nephropathy (CN) is based prima-
rily on experimental studies indicating that bile acids exert
toxic effects on renal tubular cells and the observation that renal
tubuli are obstructed by bile casts”. Bile duct-ligated rats
(that is, an animal model for cholestasis or cholestatic liver dis-
ease) exhibited tubular epithelial injury induced by toxic bile
acids, which was ameliorated by treatment with norursodes-
oxycholic acid (NorUDCA)*. Importantly, further experimental
evidence indicates that the efficacy of NorUDCA relates to
the relative increase of hydrophilic bile acids, which may
have properties that are less nephrotoxic*. Interestingly,
clinical studies have linked increased serum bilirubin with
non-response to albumin/terlipressin***. Accordingly, it has
been speculated that hyperbilirubinemia might be indicative of
an increased renal exposure to bile acids, thereby limiting the
efficacy of conventional HRS therapies***. The clinical relevance
of CN was further supported by a clinicopathological study in
patients with extensive liver dysfunction and jaundice, report-
ing bile casts in 11 of 13 patients with a diagnosis of HRS*.
That study also found a correlation between the presence
of bile casts and higher serum bilirubin levels in the overall
cohort*. However, that study neither provided reliable infor-
mation on whether HRS was appropriately diagnosed in all
patients (probably due to the retrospective study design) nor on
HRS subtype*. Another study assessed kidney biopsies in
patients with liver disease and either AKI or CKD and revealed
that CN was exclusively found in patients with AKI, again being
associated with serum and urinary bilirubin levels. Further-
more, the study suggested that loss of aquaporin 2 in collecting
ducts was related to CN (which is in line with experimental
data*”) and high bilirubin levels*. Nevertheless, as studies in
humans were observational and performed in relatively small,
heterogeneous, and highly selected patient populations because
of considerable safety concerns related to kidney biopsy®,
many open questions remain. For example, it is not clear
whether CN is causally linked to either incidence or reversibility
of HRS (or both).

Other pathophysiological mechanisms discussed in the
context of hepatorenal syndrome

Relative adrenal insufficiency (RAI) was reported in up to 49% of
patients with AD and ascites and seems to be linked to the inci-
dence of infections (or sepsis), AKI-HRS, and mortality**~*. Tt
has been hypothesized that this state is driven by constant bac-
terial translocation and SI, finally resulting in an inadequate
synthesis of glucocorticoids”. Furthermore, Acevedo et al.
demonstrated that patients with RAI exhibited lower mean arte-
rial pressure (MAP), a trend of higher blood urea nitrogen at
baseline, and increased risk of HRS type 1 (that is, HRS-AKI)*.
In contrast, a recent study reported a similar MAP*. Both
studies showed no significant differences in inflammatory
cytokines between patients with RAI and those without RAT*,
Of note, sCr levels at the time of the adrenocorticotropic
hormone stimulation test were not significantly different in any
of the studies mentioned above***®. Thus, the available evidence
is not sufficient to draw firm conclusions on whether RAI
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promotes or aggravates HRS and whether glucocorticoid therapy
may exert positive effects in this setting.

Furthermore, intra-abdominal hypertension (IAH) is believed
to impact on HRS or AKI (or both) in patients with ascites.
Previous studies in patients with tense ascites and HRS dem-
onstrated that large-volume paracentesis (LVP) ameliorated
IAH, which was paralleled by increases of creatinine clear-
ance and cardiac output as well as decreases of systemic vascu-
lar resistance and renal resistive index*='; this was possibly
due to a reduction of RAAS activation®. It has been suggested
that bedside echocardiography may be useful for assessing
volume status and the presence of IAH by measurement of
inferior vena cava diameter (IVCD) and inferior vena cava col-
lapsibility index (IVCCI): Those with an IVCD of less than
1.3 cm and IVCCI of more than 40% were reclassified as
fluid-depleted, those with an IVCD of more than 2 cm and
IVCCI of less than 40% were considered fluid-overloaded, while
those with an IVCD of less than 1.3 cm and IVCCI of less than
40% were classified as having IAH. Accordingly, this assess-
ment could guide therapeutic decisions on fluid therapy and
the need for an additional LVP%.

Differential diagnosis and novel biomarkers

Current diagnostic criteria for HRS include the absence of
structural kidney injury, meaning that risk factors for (for
example, nephrotoxic medication and septic shock) or evi-
dence of kidney damage (that is, proteinuria of more than
500 mg per day, hematuria of more than 50 red blood cells
per high-power field, or abnormal renal ultrasound) preclude the
diagnosis of HRS-AKI. Of note, the paradigm of the absence
of structural damage in patients with HRS has never been
proven by biopsy-controlled studies. However, early stud-
ies indicated that HRS is caused primarily by functional renal
failure: A study published in 1969 reported that kidneys from
patients dying from “HRS” were successfully transplanted (that
is, improvement of renal function) in 6 of 7 organ recipients
and achieved stable improvement (=6 months) of renal func-
tion in 4 of 7 patients”. Similarly, a publication from 1970
showed that impaired renal perfusion in cirrhotic patients with
kidney dysfunction was caused by vasoconstriction, which dis-
appeared post-mortem®. Of note, these studies were conducted
before current diagnostic criteria of HRS were established.
Nevertheless, more recent studies revealed that most patients
with HRS exhibit sustainable improvement of renal function
after liver transplantation (LT), which supports the concept of
functional kidney impairment in HRS-%°.

Given the complex pathophysiology of HRS-AKI, nailing it
down to one main pathogenetic factor is often challenging in
clinical practice, where things are usually not just black or white
but rather shades of grey; this unveils the difficulty of finding
the most accurate diagnosis or treatment strategy'®. Various types
of AKI—pre-renal AKI, post-renal AKI, HRS-AKI, and acute
tubular necrosis (ATN-)AKI—should be considered in patients
with ACLD (Figure 1). Prerenal AKI should respond to the ces-
sation of diuretic treatment, fluid replacement, and albumin

treatment, while postrenal AKI—though comparatively rare—
should always be excluded by ultrasound. However, HRS-AKI
cannot be reliably differentiated from ATN-AKI (that is,
structural kidney damage) by simple tests. Fractional uri-
nary sodium excretion (FeNa) was considered for differential
diagnosis, supported by data indicating the good discrimina-
tory value of FeNa for ATN°’. However, FeNa displayed a
poor predictive value for HRS diagnosis in a study of LT can-
didates with renal dysfunction undergoing kidney biopsy and
even patients with biopsy-proven ATN exhibited low FeNa*.
Thus, because of concerns towards the impact of diuretic
use on sodium excretion, FeNa has not been implemented in
the HRS-AKI diagnostic criteria®. Urinary biomarkers of tubu-
lar injury emerged in recent years. For example, Belcher et al.
reported increased levels of kidney injury molecule-1 (KIM 1),
IL-18, liver-type fatty acid binding protein (L-FABP), albu-
min, and neutrophil gelatinase-associated lipocalin (NGAL)
in patients with ATN-AKI”. NGAL performed particularly
well for differentiating between ATN and other types of AKI
(area-under-the-receiver operating characteristics [AUROCsS]
of at least 0.80)°°¢!. Interestingly, in a subsequent study by
Huelin er al., NGAL displayed an even better diagnostic per-
formance when assessed on day 3 (AUROC 0.87 vs. 0.80 on
day 1)°". Nevertheless, about 10% of patients with prerenal
AKI and HRS-AKI displayed NGAL levels above the pro-
posed cutoff for identification of ATN, which may indicate
that tubular damage occurs in these clinical entities as well'.
Unfortunately, these and other studies were based only on
clinical and laboratory discrimination for differential diagno-
sis of AKI (particularly relevant for ATN vs. HRS) while renal
biopsies as the diagnostic gold standard were not performed.
In this regard, the limited diagnostic performance of these
markers could also be explained by the inherent limitations of
the imperfect reference standards applied in these studies.

Management

Removal of risk factors and fluid challenge

Because the latest definition criteria of HRS abandoned the
mandatory requirement of an absolute sCr cutoff at 2.5 mg/dL,
early diagnosis of and treatment uptake for (HRS-)AKI are
now facilitated; this may lead to improved (HRS-)AKI reversal
given that HRS reversal by vasoconstrictor treatment was
contingent on sCr values at treatment initiation in previous
studies’’”?. The initial measures after diagnosis of AKI
include removal of risk factors for kidney dysfunction, namely
withdrawal of nephrotoxic drugs (for example, non-steroidal
anti-inflammatory drugs and angiotensin-converting enzyme
inhibitors) and diuretics, treatment of infections, and fluid ther-
apy depending on volume status (see above) and AKI grade
(Table 1; Figure 2)¥. Importantly, this also includes the (at least
contemporary) cessation of non-selective beta blocker (NSBB)
treatment, as previous studies have reported an increased risk
of AKI or HRS during circulatory stress in patients receiv-
ing NSBB therapy®, which is most likely related to its impact
on cardiac output®. However, if the benefits still outweigh the
potential risks in the individual patient, it seems that NSBB
treatment can be safely reinitiated when AKI is resolved® .
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Albumin

Besides removal of risk factors, AKI grade will determine the
necessity and time point of plasma volume expansion with albu-
min. Current EASL clinical practice guidelines recommend
that patients presenting with AKI 1b or higher receive albu-
min for two consecutive days (1 g/kg body weight up to a maxi-
mum of 100 g per day) (Figure 2). Conversely, patients with
AKI 1la should be monitored for 48 hours after removal of
risk factors, followed by the same albumin protocol if kidney
dysfunction progresses to AKI 1b or higher; if AKI la per-
sists, the treatment decision should be individualized®. The
differentiation between AKI la and 1b is supported by the
observation that AKI la is caused by prerenal AKI in about
half of patients (vs. 25-30% in AKI 1b), resolves in about
90% of patients (vs. about 50% in AKI 1b), and only rarely
progresses to HRS-AKI (14% vs. 34% in AKI 1b)®.

In recent decades, evidence of the beneficial effects of albumin
has accumulated in certain settings of ACLD. Albumin is
currently indicated for the prevention of circulatory dysfunction
after LVP, HRS prevention in patients with spontaneous
bacterial peritonitis (SBP), and HRS diagnosis as well as ther-
apy in combination with vasoconstrictors®. The treatment
rationale of albumin use was initially based on its beneficial
hemodynamic effect on circulatory dysfunction because of its
properties as a plasma expander; however, more recent stud-
ies also indicate that albumin modulates SI by binding and thus
scavenging or inactivating pro-inflammatory molecules®’~"".
Furthermore, albumin improves the autoregulation of renal
perfusion which may be attributed to a reduction of SI, oxidative
stress, and endothelial activation’'.

The beneficial effect of albumin in the prevention of post-LVP
circulatory dysfunction was established more than two decades
ago, as studies demonstrated that renal function and RAAS
activation were ameliorated (or at least stabilized) by albumin
infusion’, Of note, compared with other plasma expand-
ers, albumin exhibited superior efficiency, indicating that addi-
tional biological properties of albumin may contribute to its
therapeutic effects”. Similarly, an RCT showed that patients
with SBP were less likely to develop renal impairment when
receiving albumin on top of antibiotic therapy”, which was
further supported by the randomized comparison between
albumin and hydroxyethyl starch in patients with SBP, which
also found that albumin improved markers of endothelial
dysfunction and SI”’. Importantly, prior studies in patients with
HRS also displayed improved renal function upon albumin
treatment’’ and found that the use of albumin on top of vasocon-
strictors improves the chances of HRS reversal’.

Recently, several RCTs have evaluated the effects of
pre-emptive long-term albumin administration. The ANSWER
study (not placebo-controlled) has investigated the effects of
weekly albumin infusion (40 g twice weekly for 2 weeks fol-
lowed by 40 g per week) for 18 months in patients with uncom-
plicated ascites and revealed that patients receiving albumin
exhibited better ascites control (hazard ratio [HR] of 0.48
for the incidence of paracentesis, HR of 0.43 for developing

refractory ascites), a decreased risk of renal dysfunction (HR of
0.50), and particularly HRS-AKI incidence (HR of 0.39). Finally,
these effects translated into reduced mortality (HR of 0.62)”.
A subsequent observational study in patients with refrac-
tory ascites found reduced mortality and hospitalization and a
trend of a reduced HRS incidence®. Moreover, recently pub-
lished data from two RCTs on short-term (INFECIR-2 study of
patients with non-SBP bacterial infections) and long-term (pilot
PRECIOSA study of patients without infection) albumin treat-
ment exhibited reductions of SI and circulatory dysfunction
in patients with decompensated ACLD. Of note, in the pilot
PRECIOSA study on long-term albumin therapy, this effect
was restricted to the high-dose (1.5 g/kg body weight per week)
group. Nevertheless, whereas these trials provided evidence
for the long-term use of albumin in patients with ascites (that
is, patients at risk for kidney dysfunction and HRS), another
RCT comprising a placebo group reported a lack of efficacy
of long-term low-dose (40 g/15 days) albumin therapy in more
advanced patients: Albumin in combination with midodrine
(an alpha-1 adrenergic agonist) failed to prevent complica-
tions (including renal dysfunction) in patients awaiting LT®'.
The PRECIOSA study (NCT03451292; 1.5 g/kg body weight
per week after hospital discharge in patients with uncompli-
cated ascites) will provide further insights into the efficacy
of different pre-emptive albumin administration regimens.

In contrast, the results from the ATTIRE RCT (14 days of
albumin treatment to achieve serum albumin levels of at least
35 g/L vs. standard care in patients with AD and serum albu-
min levels of less than 30 g/L) were recently published and
indicated no beneficial effect of albumin on the primary
endpoint (composite of infection, renal dysfunction, or mortal-
ity between days 3 and 15 after treatment)®. Furthermore, the
INFECIR-1/-2 an ALB-CIRINF trials (investigating the use of
albumin in patients with ACLD and non-SBP bacterial infec-
tions) found no significant impact on kidney dysfunction®*.
Moreover, the ALB-CIRINF study and the ATTIRE trial reported
increased occurrence of pulmonary edema (putatively associ-
ated with volume overload) in the albumin groups, indicating that
the indiscriminate short-term use of albumin not only may lack
therapeutic benefit but also may lead to adverse events®>%3.

Because these studies are (or were) conducted in distinct patient
populations and provided divergent results, the identification
of those who benefit most from pre-emptive albumin treat-
ment is crucial for treatment individualization and optimization
of resource allocation. Because the therapeutic effect of albu-
min seemed to differ between the ANSWER and the ATTIRE
studies, which addressed different patient groups, pre-emptive
albumin treatment may be effective only within a certain thera-
peutic window and in distinct clinical settings. Furthermore,
high doses of albumin seemed to be required to obtain a clinical
benefit.

Vasoactive drugs

Vasoactive drugs are the other cornerstone of HRS therapy, as
these pharmacological agents reduce splanchnic pooling and
increase the effectively circulating blood volume and thus may
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improve renal perfusion (next to plasma expansion by albu-
min). Multiple studies, including RCTs, have confirmed the
efficacy of vasoconstrictors for HRS-AKI therapy®*’. Terlipres-
sin (which has yet to be approved in the US) is the first-line
treatment recommended by EASL; however, noradrenaline,
as well as midodrine in combination with octreotide, has also
shown some efficacy for HRS therapy**.

Although all these drugs are vasoconstrictors, they have
distinct properties that might relate to differences in efficacy:
Terlipressin is a vasopressin analogue and exerts systemic and
splanchnic vasoconstriction via vasopressin 1A receptor acti-
vation, while agonism at vasopressin 1B receptors activates
the adrenocorticotropic hormone—cortisol axis which may
be relevant for HRS because of the amelioration of RAT*®.
Accordingly, terlipressin decreases HVPG while raising MAP.
Noradrenaline and midodrine increase the vascular tone and
thus MAP (and possibly HVPG) by activating ol-adrenergic
receptors. However, whereas noradrenalin and terlipressin are
potent vasopressors, midodrine achieves only modest increases in
MAP. Octreotide is a somatostatin analogue and thus promotes
splanchnic vasoconstriction®, thereby decreasing HVPG.

Of note, terlipressin may be given by intravenous boluses, but
owing to its stability at room temperature” as well as the lower
required dose and a favorable side effect profile’’, continuous
infusion (2 mg per day up to a maximum of 12 mg per day, via
central or peripheral venous catheter) should be preferred”.
Of note, the recommended initial dosing regimen of continu-
ous terlipressin infusion® is based mostly on the study design
of the trial by Cavallin ef al.”’ and may need further refinement
in the future. Noradrenaline is administered by continuous infu-
sion and requires a central venous catheter. Octreotide is usually
administered subcutaneously every 8 hours or as a continuous
infusion, whereas midodrine is given orally.

Several studies have indicated that the efficacy of midodrine in
combination with octreotide for HRS therapy is inferior to that
of other vasoconstrictors®”***, Therefore, this review will focus
on relevant advances regarding studies on terlipressin and
noradrenaline.

Multiple (non)randomized and (non)controlled trials have
demonstrated the efficacy of terlipressin on HRS during the last
two decades® 7891939595 For HRS-AKI, noradrenaline has
exhibited an efficacy similar to that of terlipressin in several
(non)randomized and (non)controlled trials; however, avail-
able trials were likely underpowered to confidently estab-
lish the non-inferiority (or possibly even superiority) of
noradrenaline”-'"!. Efforts to combine available trials in meta-
analyses were unable to provide clear evidence in the com-
parison between terlipressin and noradrenalin (especially
evidence of a survival benefit) and this was due primarily
to trial design differences that limited the interpretability of
comparisons®*12 Importantly, predictors of non-response to
HRS therapy include sCr levels®”, high model for end-stage
liver disease (MELD) score, sepsis”, and ACLF severity'®. Thus,
differences in patient selection directly impact on the efficacy

of HRS therapy, which further limits between-study compari-
sons. Therefore, the harmonization of study design and proper
sample size seems crucial for future trials.

Recent RCTs have confirmed the dilemma that different patient
populations and HRS definitions may complicate interpret-
ability of study results: The REVERSE trial did not detect a
significant benefit by terlipressin on HRS reversal (defined by
two sCr values below 1.5 mg/dL within 48 hours)”. Of note,
sCr significantly decreased in the terlipressin group; in general,
achieving an sCr decrease was associated with improved out-
comes. HRS-AKI was defined by the old ICA criteria (that is,
doubling of sCr to at least 2.5 mg/dL within 2 weeks®) in that
study”’. However, one post-hoc analysis and one meta-analysis
considering patients from this trial reported that patients
receiving terlipressin had higher chances of HRS reversal'*'%.
More specifically, the post-hoc analysis by Wong et al. reported
that patients with SIRS were significantly more likely to achieve
HRS reversal when they received terlipressin (32% vs. 3%
receiving placebo)'™. The results of the CONFIRM trial (RCT
comparing terlipressin vs. placebo) comprising a consider-
ably higher number of patients, as compared to previous studies,
were recently published and clearly established the efficacy
of terlipressin on reversal of HRS type 1 (32% vs. 17% in
placebo group). Of note, the old ICA criteria” (sCr cut-off of
2.25 instead of of 2.5 mg/dL) were applied in that study, prob-
ably delaying treatment initiation'". However, that study found
no difference in overall and transplant-free survival (about 50%
in both groups) after 90 days, underlining the paramount
importance of liver transplantation to improve outcomes
beyond kidney function. Respiratory failure tended to be more
common in the terlipressin arm, as did death due to respira-
tory failure, which may be explained by the development of
pulmonary edema due to increases in afterload. Importantly, the
risk of this potentially lethal complication may be reduced by
continuous infusion®".

Finally, a recent RCT by Arora et al. directly compared
terlipressin with noradrenaline in patients with HRS-AKI and
ACLF'. Terlipressin exhibited superior efficacy over noradren-
aline in HRS reversal (40% vs. 17% in the noradrenaline
group), reduced the need for RRT (57% vs. 80%), and amelio-
rated prognosis (28-day survival: 48% vs. 20%). Importantly,
that study used most recent AKI staging and treatment response
criteria of the ICA and EASL'” and may represent one of the
first RCTs with an adequate sample size to support the ration-
ale for abandoning absolute sCr values and 2 weeks latency
for HRS diagnosis (that is, improved treatment success by early
treatment initiation). Moreover, it seems that terlipressin is
particularly effective in the context of SIRS/ACLF and should
be preferred over noradrenaline in this setting.

Antibiotics

Given the pathophysiological concept of the impact of SI on
kidney dysfunction in ACLD and the close association between
AKI and SBP'® antibiotic prophylaxis may display ben-
eficial effects on HRS. Consequently, an RCT by Fernandez
et al. showed that in selected patients with ascites at high risk
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for SBP, primary prophylaxis with norfloxacin reduced the
risk of HRS (28% vs. 41% in the placebo group)'”. The pro-
tective effect on HRS development was not confirmed by the
NORFLOCIR study (RCT norfloxacin vs. placebo in patients with
Child-Pugh stage C)'°. However, the results of that study
should be interpreted with caution, as it was not powered
to evaluate this endpoint and included a high proportion of
patients with severe alcoholic hepatitis. Moreover, a broadening
of the prophylactic use of antibiotics is controversial because
of the potential emergence of antibiotic resistance, although
the global study initiated by the ICA did not observe an asso-
ciation between prophylactic quinolone use and infections
with multidrug-resistant bacteria'''. Finally, results of the
LIVERHOPE efficacy trial (NCT03780673; RCT on rifax-
imin and simvastatin vs. placebo) are awaited, as they may
provide further insights into the efficacy of poorly adsorb-
able antibiotics for preventing HRS development in patients with
decompensated ACLD.

Transjugular intrahepatic portosystemic shunt

Patients with ascites are at risk of developing SBP or
HRS-(N)AKI or both; thus, interventions targeting incidence
of ascites or ascites control will likely ameliorate these
downstream complications'””. Given that minor reductions of
portal pressure by medical therapies translate into reduced risks
of developing refractory ascites and HRS'*!“] transjugular
intrahepatic portosystemic shunt (TIPS) implantation may
prevent the development of HRS-(N)AKI'”. TIPS placement
exerted beneficial effects on RAAS and sympathetic activity''
and significantly reduced HRS incidence in patients with refrac-
tory ascites (9% vs. 31% receiving LVP and albumin)''® and
thus is an interesting treatment option to prevent and treat
HRS-NAKI (that is, former type 2), which typically is asso-
ciated with recurrent or refractory ascites'’. In this regard,
a comparison of the results of the most recent RCT'® with
earlier studies indicates that TIPS may be particularly effective
(in terms of preventing mortality) if placed in patients with
recurrent (that is, tense ascites that recurred on at least three
occasions within a 12-month period despite therapeutic meas-
ures) rather than refractory ascites as defined by ICA criteria'".
Moreover, a small observational study reported that patients
with HRS-AKI (that is, former type 1) receiving TIPS
displayed increased GFR and urinary sodium excretion'”’. Nev-
ertheless, further and larger trials are warranted to consolidate
the efficacy of covered TIPS grafts for prevention and treat-
ment of renal dysfunction and to weigh these potential beneficial
effects against adverse events such as hepatic encephalopathy.
The use of small-diameter or underdilated covered controlled
expansion stents may prove useful in this regard''>**1?! ags recent
non-randomized studies showed a reduced incidence of hepatic
encephalopathy and similar efficacy for ascites control and
prevention of variceal bleeding'?*'*.

Renal replacement therapy, liver transplantation, and
combined liver-kidney transplantation

RRT is considered merely a bridging treatment to LT'** on
the basis of the observation that RRT for HRS-AKI does not
improve the prognosis'®, and patients with renal failure and/or

RRT who were either not listed or not transplanted exhib-
ited exceedingly high (85-95%) short- and mid-term mortality
rates'?*1%, A large study comprising more than 2,000 patients
found that only 9% of patients on RRT before LT developed
a need for chronic dialysis within 6 months®. Importantly,
Piano et al. recently reported that LT waitlist patients with
HRS-AKI responding to terlipressin and albumin exhibited a
lower risk of requiring RRT and developing CKD after LT'?. In
contrast, patients with HRS-NAKI responding to terlipressin
(61%) displayed high relapse rates after cessation of treatment
(pre-LT; 58%) and no significantly improved kidney outcomes
post-LT'". Again, these data underline the clinical diversity
between HRS-AKI und HRS-NAKI and point to early and
consequent identification of HRS subtype and the importance of
individualized treatment strategies.

Since both HRS-AKI and HRS-NAKI mostly resolve after LT,
simultaneous liver and kidney transplantation (SLKT) remains
disputed in the context of HRS*. Previous studies have iden-
tified risk factors for persistent renal dysfunction after LT,
including the need for and duration of RRT and time period of
AKI before LT as well as age and diabetes®'!. According to
current recommendations, SLKT should be considered if
patients (a) have AKI stage 3, (b) exhibit an eGFR of not more
than 35 mL/min or GFR of not more than 25 mL/min (that is,
iothalamate clearance), or (c) require RRT or a combination of
these factors. More specifically, these three scenarios (which
may occur alone or in combination) should last for more than
4 weeks, counted from the onset of any of these criteria®'*.
Sequential transplantation of liver and kidney (as an alter-
native for SLKT) in patients with HRS was discussed as a
potential strategy to avoid futile kidney transplantations in
patients who would recover from LT alone and thus optimize
organ utilization'*. However, this proposal is based primarily
on retrospective studies that did not systematically address (or
even exclude'?) patients with HRS; this underlines that more
reliable studies on patient selection are warranted.

Conclusions

Recent changes in the definition and diagnosis of HRS have
facilitated early recognition and treatment initiation, which may
result in better chances of reversal and survival of HRS-AKI
Albumin in combination with vasoconstrictor therapy remains
the medical cornerstone therapy of HRS-AKI. Recent data
suggest that terlipressin should be preferred over noradrenaline
for treatment of HRS-AKI in the context of ACLF. Neverthe-
less, mortality of patients with HRS remains high, indicating
that prevention of HRS and associated pathomechanisms—such
as bacterial translocation and SI—should be the focus of further
research. To this end, development of pathophysiology-related
biomarkers and disease-modifying HRS treatments target-
ing SI or hyperdynamic circulation (or both) are urgently
needed.
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