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Anna Cederborg 

Department of Molecular and Clinical Medicine, Institute of Medicine 
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Gothenburg, Sweden 
ABSTRACT 

Aims: The overall aim of this thesis was to characterize factors affecting kidney 
function in advanced liver disease as well as after liver transplantation and to further 
understand the complex interaction between acute and chronic kidney disease in 
cirrhosis. The aim of the first study was to investigate the association between acute 
kidney injury (AKI), including hepatorenal syndrome and subsequent chronic kidney 
disease (CKD) in patients with cirrhosis and to quantify the cumulative incidence of 
CKD in patients with cirrhosis, with or without prior AKI. The second study aimed to 
investigate the association between AKI in cirrhosis, AKI in acute-on-chronic liver 
failure (ACLF) and the impact on survival as well as the development of CKD. The 
aim of the third study was to evaluate the effect of basiliximab induction with delayed 
reduced-dose tacrolimus on kidney function, rejection episodes and survival rates after 
liver transplantation.  
Methods: All three studies are retrospective cohort studies using different study 
cohorts. In studies I and II patients with liver cirrhosis were included from a national 
healthcare register (study I) and from a hospital-based register (study II). In study III, 
patients with advanced liver disease who were transplanted at Sahlgrenska University 
Hospital were included. Kidney function as well as dysfunction were evaluated using 
international classification of disease (ICD) codes in study I, serum creatinine and 
estimated glomerular filtration rate in studies II and III, as well as measured glomerular 
filtration rate in study III. 
Results: Patients with cirrhosis and AKI had a more than six-fold increased rate of 
CKD compared to patients without, when adjusting for risk factors for CKD, such as 
age, hypertension, and diabetes. AKI in cirrhosis was associated with a high short-term 
mortality from both kidney and non-kidney sources. AKI progression further 
decreased survival, even after adjusting for ACLF and bacterial infections. Induction 
immunotherapy with interleukin-2 receptor antibodies and delayed reduced-dose 
tacrolimus did not increase the risk for rejection, graft loss or death and reduced kidney 
injury after liver transplantation.  
Conclusions: This thesis shows that AKI constitutes a significant risk factor for CKD 
in cirrhosis. Also, that short-term survival in patients with cirrhosis and AKI is 
decreased due to both kidney and non-kidney related causes. These findings highlight 
the importance of an early diagnosis of AKI and distinct actions to prevent further 
progression and deterioration beyond kidney function. Furthermore, an updated 
immunosuppressive protocol with non-depleting induction therapy, allowing for a 
reduced early impact of calcineurin inhibitors is safe and can prevent kidney injury in 
liver transplanted patients, independent of pre-transplant kidney function.  
Keywords: cirrhosis, acute on chronic liver failure, acute kidney injury, hepatorenal 
syndrome, chronic kidney disease, liver transplantation, immunosuppression  
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SAMMANFATTNING PÅ SVENSKA 
 
Levercirros är slutstadiet för flera kroniska leversjukdomar och innebär att 
levercellerna skadats och har ersatts med ärrvävnad (fibros). Utvecklingen av 
levercirros kan ta många år och kan fortgå utan att ge upphov till symtom och 
benämns då kompenserad levercirros. I avancerat skede av levercirros, uppstår 
komplikationer, och denna fas kallas dekompenserad cirros. Vanliga komplikationer 
som kan uppstå inkluderar vätska i magen, hjärnpåverkan, blödning från åderbråck i 
magtarmkanalen, upprepade bakteriella infektioner och nedsatt njurfunktion. Alla 
dessa komplikationer kan kräva ett akut omhändertagande och är kopplade till 
lidande och ökad risk för död.   
 
Målsättningen med denna avhandling var att fördjupa förståelsen för de faktorer som 
påverkar njurfunktionen vid avancerad leversjukdom samt efter levertransplantation 
och den komplexa interaktionen mellan akut njurskada och kronisk njursjukdom vid 
levercirros. I de ingående studierna inkluderades tre olika patientpopulationer, i den 
första och den andra studien inkluderades patienter med cirros från nationella 
patientregister (studie I) respektive från Sahlgrenska Universitetssjukhusets 
patientregister (studie II). I den tredje studien inkluderades patienter som genomgått 
levertransplantation på Sahlgrenska Universitetssjukhuset via det nordiska 
transplantationsregistret. Njurfunktionen utvärderade med olika metoder, i den första 
studien via relevanta diagnoskoder i det nationella patientregistret, i den andra och 
tredje studien genom att resultat från genomförda laboratorieprover och 
njurfunktionsundersökningar extraherades från patientjournaler. 
 
Resultaten visade att akut njurskada ökar risken för kronisk njursvikt vid levercirros, 
även när vi tog hänsyn till andra riskfaktorer för njursjukdom, till exempel högt 
blodtryck, ålder och diabetes. Dessutom innebar akut njurskada vid cirros en hög risk 
för dödlighet inom kort tid, både på grund av njursjukdom och andra orsaker. 
Patienter som utvecklade akut njurskada under en sjukhusvistelse och, trots 
behandling, försämrades i sin njurfunktion löpte en ökad risk för död, även när vi tog 
hänsyn till andra faktorer som påverkar överlevnad. Vidare kunde vi visa att en 
uppdaterad immundämpande behandling med interleukin-2 antikropp (basiliximab) 
och fördröjd samt reducerad dos calcineurinhämmare (tacrolimus) är en säker 
behandling som minskar njurpåverkan efter levertransplantation.  
Sammanfattningsvis är slutsatserna av denna avhandling att:  

• Utveckling av akut njurskada hos patienter med levercirros ökar 
risken för kronisk njursjukdom samt innebär en hög risk för att dö.  

• Det är viktigt att uppmärksamma nedsatt njurfunktionen hos 
patienter med levercirros och utvärdera hur njurfunktionen 
utvecklas genom tät uppföljning i syfte att kunna uppdatera 
och/eller komplettera behandlingen.  

• Induktionsbehandling med fördröjd och reducerad dos tacrolimus 
är en säker behandling och kan minska risken för njurskada efter 
levertransplantation. 
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DEFINITIONS IN SHORT 
Acute kidney injury An increase in serum creatinine (sCr) ≥ 0.3 

mg/dL (≥ 26.5 mol/L) from baseline sCr 
within 48 hours or an increase in sCr ≥ 
150% within the prior 7 days or oliguria 
(i.e., urine production <0.5 mg/kg/h for 6 
hours) (KDIGO 2012). 

Chronic kidney disease GFR < 60 ml/min/1.73m2 for >3 months, 
irrespective of etiology or kidney damage 
(albumin-to-creatinine ratio in two out of 
three spot urine specimens of >30 mg/g) 
(KDIGO 2005). 

Hepatorenal syndrome A diagnosis of exclusion and a special form 
of kidney dysfunction associated with portal 
hypertension and inflammation in patients 
with advanced liver disease (cirrhosis, acute 
liver failure or acute-on-chronic liver 
failure) (Ginès, 2018). 

Acute-on-chronic liver 
failure 

A syndrome with >15% mortality rate 
within 28 days that presents with an acute 
decompensation associated with 
extrahepatic, often multiple organ failures 
that develop within a short time frame and 
usually after a precipitating event (Moreau, 
2013). 
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1. INTRODUCTION 
 
Liver cirrhosis is the most advanced state of a progressive chronic liver 
disease. Unfortunately, it is often in this advanced state of liver disease, that 
clinical complications become evident, also leading to the diagnosis. Kidney 
dysfunction is one of these complications, present in at least 20% of patients 
hospitalized for complications of cirrhosis (1). Also, renal failure has been 
shown to be an important determinant of death in these patients (2). 
Increasing knowledge about the natural history of advanced liver disease, and 
the driving forces behind liver disease progression, has led to a rising 
awareness of the importance of treating these risk factors, which include 
obesity, hypertension, type 2 diabetes and alcohol-related liver disease (3, 4). 
 
Globally, cirrhosis is the leading cause of liver-related deaths, responsible for 
more than 1.32 million deaths during 2017. Although, the underlying causes 
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1.1 HISTORICAL ASPECTS ON KIDNEY 
DYSFUNCTION IN ADVANCED LIVER 
DISEASE 

Renal dysfunction has traditionally been defined as serum creatinine (sCr) ≥ 
1.5 mg/dL (≥ 133 mol/L). The definition includes a broad clinical picture 
with both acute and chronic kidney disease caused by a direct (structural) 
damage as well as a functional kidney injury (8-10).  
In 1996, the International ascites club (IAC) were the first to define 
hepatorenal syndrome (HRS) as a syndrome occurring only in patients with 
chronic liver disease, portal hypertension and advanced liver failure, with 
reduced kidney function and abnormal renal and systemic arterial circulation 
and activated endogenous vasoactive systems (8). HRS was further divided 
into two different clinical types: HRS type 1, the acute form with rapidly 
progressing reduction in kidney function, defined as a doubling of the initial 
sCr to >2.5 mg/dL (>221 mol/L) or 50% reduction of the initial 24-
creatinine clearance to < 20 ml/min in less than two weeks, and HRS type 2, 
the chronic type without rapid progression, defined as a moderate functional 
kidney failure that progressed over weeks to months, with sCr >1.5 mg/dL, 
but <2.5 mg/dL. The diagnosis of HRS was updated in 2007 (9), by the IAC 
(now renamed International club of ascites-ICA) along with improved 
understanding of the pathophysiology of HRS, as well as updated treatment 
recommendations allowing for earlier treatment initiation which led to 
improved survival (11).  
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1.2 ADVANCED CHRONIC LIVER DISEASE  
For decades the natural history of advanced chronic liver disease has been 
understood as two clinically different stages with clear prognostic difference. 
The first one is the asymptomatic compensated phase with a median survival 
of 12 years, and preserved quality of life. The second is the symptomatic 
decompensated phase where complications related to portal hypertension 
(PH) and impaired liver function are evident, such as ascites, variceal 
bleeding, and hepatic encephalopathy (HE), sometimes also including 
jaundice. The median survival in decompensated cirrhosis is significantly 
shorter (2-4 years) (2, 12).The Child-Pugh score (including the severity of 
ascites, HE, and liver impairment, i.e., serum levels of albumin, bilirubin and 
INR) was developed to evaluate prognosis in a structured way, dividing 
patient into classes (A, B and C) of increasing prognostic severity (13, 14). 
Over time, new attempts have been made to develop improved prognostic 
models in cirrhosis leading up to the Model for end-stage liver disease 
(MELD) score (15).  MELD score was shown to be highly predictive of death 
within 3 months in several cohorts of patients, also excluding the subjective 
parameters (the severity of ascites and HE) and including serum creatinine 
(sCr) as a measure of the kidney function, compared to the Child-Pugh score. 
Currently both prognostic scores are used when evaluating prognosis in 
cirrhosis. 
 
Recently, the Baveno VI consensus proposed to use the term compensated 
advanced chronic liver disease (cACLD) to widen the scope including the full 
spectrum of advanced fibrosis and cirrhosis, i.e., asymptomatic compensated 
patients, who are at risk of developing complications of clinically significant 
portal hypertension. Patients with cACLD have been shown to have a high 
risk of future liver-related morbidity and mortality (16) .  
 
It is also recognized that the decompensating events are not prognostically 
equivalent. Ascites is the most common first decompensation, as a single 
complication in 36% and in combination with  another complication in 37% 
of patients (17). Thus, in 73% of patients, ascites marks the transition to the 
decompensated stage. Also, these decompensating events are prognostically 
distinctive; gastrointestinal bleeding have a 5-year mortality risk of 20%, a 
non-bleeding complication of 30% and any combination of  2 complications 
with a 5-year mortality risk of 88% (18).  
 

Acute-on-chronic liver failure (ACLF) is associated with the worst outcome 
in advanced liver disease, at least 15% mortality rate in 28 days (19). This 
syndrome presents with an acute deterioration in liver function, an acute 
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decompensation associated with extrahepatic, often multiple organ failures 
that develop within a short time frame and with a precipitating event. The 
severity of the syndrome is defined and graded according to the European 
Foundation for the Study of Chronic Liver Failure Consortium (CLIF-C) 
ACLF score summarized in ACLF grade 1-3 (20). 
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1.3 ACUTE KIDNEY INJURY, ACUTE KIDNEY 
DISEASE, CHRONIC KIDNEY DISEASE AND 
HEPATORENAL SYNDROME  
During the last twenty years, three different categorization systems for acute 
kidney injury (AKI) have been suggested; the “risk, injury, failure, loss of 
kidney function, end-stage kidney disease” (RIFLE) (21), acute kidney injury 
network (AKIN) (22) and “kidney disease: improving global outcomes” 
(KDIGO) (23) systems. Published in 2012, the KDIGO system propose to 
merge the two previous definitions of AKI; either an increase in sCr ≥ 0.3 
mg/dL (≥ 26.5 mol/L) within 48 hours or an increase in sCr ≥ 150% within 
the prior 7 days or oliguria (i.e., urine production <0.5 mg/kg/h for 6 hours) 
(23). The KDIGO group argued that both definitions identified, even though 
somewhat different, patient categories in which the acute kidney injury 
impacted prognosis. This definition was adapted to patients with cirrhosis in 
2015 by ICA-AKI criteria (24) also including the three stages of severity of 
AKI defined by the KDIGO system (Table 1).  

Table 1. International Club of Ascites (ICA-AKI) new definitions for the diagnosis and 
management of acute kidney injury in patients with cirrhosis. Reproduced with permission 
from Elsevier, CCC Rights Link services. From reference 21, J Hepatol 2018;69:406-460. 

 
The use of the old definition for kidney dysfunction, sCr >1.5 mg/dL (>133 
mol/L) had several drawbacks. For example, in patients with cirrhosis, 
several factors impacting the level of sCr are present: they often have reduced 
skeletal muscle mass (sarcopenia), decreased creatine synthesis in the liver 
and increased tubular creatinine secretion (25-28). Thus, a level of sCr >1.5 
mg/dL in cirrhosis often signifies a significantly decreased GFR (as low as 30 
ml/min) (29). Also, the old definition did not allow to follow the dynamics of 
sCr preceding or following the diagnosis, which is needed to follow the 
evolvement of the kidney dysfunction, including the diagnosis of acute 
kidney disease (AKD) and chronic kidney disease (CKD). 
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The ICA-AKI still highlights the prognostic importance of the sCr cut-off of 
1.5 mg/dL (133 mol/L) in cirrhosis (30-32). Therefore, in contrast with the 
KDIGO system, this cut-off was implemented in AKI stage 1, splitting it into 
AKI stage 1A (fulfilling criteria for AKI stage 1 and sCr <1.5 mg/dL) and 
AKI 1B (fulfilling criteria for AKI stage 1 and sCr >1.5 mg/dL). These 
definitions are now recommended to be incorporated in the diagnosis and 
treatment algorithm for AKI in cirrhosis in 2018 in the European guidelines 
for the management of patients with decompensated cirrhosis (33) (Figure 
1).  

 
 

Figure 1. Algorithm for the management of AKI in patients with cirrhosis.        
AKI; acute kidney injury, HRS, hepatorenal syndrome, NSAID, non-steroidal anti-
inflammatory drug. Reproduced with permission from Elsevier, CCC Rights Link 
services. From reference 21, J Hepatol 2018;69:406-460. 

KDIGO also describes and defines AKD (23) and CKD (34). AKD is defined 
as glomerular filtration rate (GFR) <60 ml/min/1.73m2, or a decrease in GFR 
≥35%, or increase in sCr of >50% for <3 months either with or without prior 
AKI (23). CKD is defined as GFR < 60 ml/min/1.73m2 for >3 months, 
irrespective of etiology or kidney damage (albumin-to-creatinine ratio in two 
out of three spot urine specimens of >30 mg/g) (34). GFR can be measured 
(mGFR) by exogenous filtration markers such as chrome-EDTA or iohexol-
clearance (35, 36) or can be estimated (eGFR) by for example the 
Modification of Diet in Renal Disease (MDRD) Study equation (37) or the 
Cockcroft-Gault formula (CG) (38). The MDRD-6 equation may be the more 
accurate formula to estimate GFR in cirrhosis (28, 39). Gold standard method 
to evaluate kidney function is mGFR, which remains the most reliable 
method, but the application is limited due to the cost and complexity of the 
investigation. Therefore, it is recommended not to be repeated with short 
intervals (40). Thus, the more often used method is eGFR but it has several 
limitations leading to over- and underestimation of GFR in liver disease, both 
in the pre- and post-transplant setting. Factors affecting the sCr levels in 
cirrhosis are described above. In the post-transplant setting, the 
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immunosuppression medication can also affect the urea nitrogen and sCr 
levels independent of GFR, thus reducing the accuracy of eGFR (28, 41, 42).   
The most recently proposed definition of HRS is a diagnosis of exclusion, 
based on the definition of AKI, AKD and CKD in patients with advanced 
liver disease, i.e., cirrhosis, ACLF or acute liver failure (ALF) (43) (Box 1).  
 
 

Box 1. New diagnostic criteria for HRS-AKI. *Requires a urinary catheter. **This 
criterion would not be included in case of known pre-existing structural chronic 
kidney disease. AKI, acute kidney injury; FENa, fractional excretion of sodium; HRS, 
hepatorenal syndrome; ICA, international Club of Ascites. Reproduced with 
permission from Elsevier, CCC Rights Link services. From reference 35. Angeli P et 
al, J Hepatol 2019;71:811-822.  

HRS type 1 should be renamed HRS-AKI. HRS type 2 is proposed to be 
renamed HRS-non-acute kidney injury (HRS-NAKI), which is further 
divided into HRS-AKD and HRS-CKD depending on the time frame of a 
persisting kidney dysfunction (43) (see Table 2). 
 
Table 2. New classification of HRS subtypes. Reproduced with permission from Elsevier, 
CCC Rights Link services. From reference 35. Angeli P et al, J Hepatol 2019;71:811-822. 
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It has recently been suggested that AKI, AKD and CKD may represent a 
continuum with an AKI that can lead to a permanent injury and eventually 
CKD (44). Furthermore, a pre-existent CKD can overlap and/or be 
aggravated by an overlap of AKI or AKD (23). Whether this can be 
translated into the pathophysiology of kidney dysfunction in patients with 
advanced liver disease is still not clear (43).  
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1.4 PATHOPHYSIOLOGY OF KIDNEY 
DYSFUNCTION IN LIVER DISEASE 
 
1.4.1 THE PERIPHERAL ARTERIAL VASODILATION 
HYPOTHESIS 
 
There are several mechanisms that can contribute to the development of renal 
dysfunction during the progression of advanced liver disease to liver cirrhosis 
(45). The peripheral arterial vasodilation hypothesis was presented in 1988 
(46) and suggests that the progressing liver damage creates parenchymal 
injury and fibrosis affecting the intrahepatic structure, which also increases 
the vascular resistance, consequently, also affecting the portal pressure. The 
increased shear stress in the portal veins and splanchnic arterioles induce 
increased local production of vasodilators, such as nitric oxide, 
endocannabinoids and carbon monoxide causing splanchnic vasodilation (10, 
47, 48). The role of these vasodilators in the pathogenesis has mainly been 
investigated in animal models, while the proof of concept in humans is the 
correlation between progressive liver disease/cirrhosis and the increased 
levels in plasma. With disease progression, systemic and peripheral 
vasodilation follows, which might be due to a spillover of vasodilators 
through portosystemic shunting and worsening liver function. In the earlier 
stages of cACLD, both PH and splanchnic arterial vasodilation are moderate 
and can be counteracted by increasing cardiac output. As the disease 
progresses, the vasodilation becomes severe with a pronounced decrease in 
the systemic vascular resistance which can no longer be compensated by the 
increase in cardiac output. This leads to a reduction in the effective arterial 
blood volume and functional arterial hypotension develops (46, 49).  
Neurohormonal systems are activated to maintain arterial pressure within 
normal range; the renin-angiotensin-aldosterone-system (RAAS), the 
sympathetic nervous system (SNS) and in the later stages also secretion of 
arginine vasopressin. These systems help to maintain arterial pressure and 
effective arterial blood volume near normal levels, but they also have 
progressively adverse effects on the kidney leading to deficiency in solute-
free water excretion, sodium retention and vasoconstriction followed by a 
decrease in GFR and potentially also hepatorenal syndrome (HRS) (46, 49-
51). This was shown in a landmark paper on renal failure in cirrhosis by 
Epstein et al in 1970 (52). The researchers used renal angiography in patients 
with cirrhosis to investigate the hemodynamics in renal failure and they could 
show that the vasoconstriction was pronounced in the renal vasculature, 
leading to a redistribution of blood away from the renal cortex. Thus, 
indicating that the renal ischemia was due to active vasoconstriction, which 
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was then further supported by the complete reversal of the vascular 
abnormalities at the postmortem angiography. 
The renal vasoconstriction is probably multifactorial in nature including 
changes in systemic hemodynamics, suppression of vasodilators and 
activation of vasoconstrictors. Angiotensin II, included in the RAAS system, 
is believed to be one of the mediators of vasoconstriction in the kidney. This 
is supported by the increasing activity in RAAS with disease progression 
from compensated to decompensated cirrhosis, also inversely correlated with 
GFR, with maximum levels reached in patients with HRS (50, 53). The 
activity of RAAS is also increased in spontaneous bacterial peritonitis (SBP), 
which is a well-known trigger for HRS. The activity level of RAAS is 
inversely correlated with response to treatment of HRS in patients with 
bacterial infections (54). SBP is defined as ascites fluid polymorphonuclear 
leukocyte count > 0.25 x109/L (55, 56) and is caused by an infection in 
ascites. Spontaneous infections imply that there is no obvious source of the 
infection. These infections are common in advanced cirrhosis (57) and are 
believed to be caused by bacterial translocation (BT). That means bacteria or 
bacterial products leaking from the gut to the mesenteric lymphatic system 
and further into the bloodstream or extraintestinal cavities like the 
intrabdominal cavity (58, 59). More information on BT is found below in 
section 1.4.3. 
 
Furthermore, including albumin (primarily in the role of plasma expander) in 
the treatment for SBP reduce the risk for HRS by decreasing the activity in 
RAAS (60). Also, the resolution of HRS, in response to albumin and 
terlipressin (a vasopressin analog acting as a vasoconstrictor), is associated 
with a marked reduction in RAAS activity (61).   
 
Noradrenalin is a vasoconstrictor in the SNS that is inversely correlated with 
GFR with elevated levels in patients with ascites and HRS, compared to 
those without kidney dysfunction (51). Moreover, the resolution of HRS is 
associated with a suppression of the overactivity of the SNS (54, 61). 
Unfortunately, total blockage of these vasoconstrictor system will lead to 
marked arterial hypotension in patients with HRS, which prevents clinical 
research to further the understanding of the association between these 
vasoconstrictor systems and HRS (62). One study has been performed on the 
effect of the SNS in HRS, using lumbar sympathetic blockade, thus not 
affecting the systemic blood pressure. This study showed an increased renal 
blood flood and glomerular filtration in patients with GFR <25 ml/min, 
which further supports the peripheral arterial vasodilation hypothesis (63).  
The increased levels of vasoconstrictors seen in patients with advanced liver 
cirrhosis, as well as in patients with infections and systemic inflammatory 
response syndrome (SIRS), affect the renal autoregulation of blood flow, 
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which aims to maintain constant renal blood flow independently of the 
systemic arterial pressure variations. This right shift of the autoregulation 
curve means that for the same renal perfusion pressure the renal blood flow is 
lower than in patients with cACLD or in healthy persons, which leads to loss 
of GFR (64). This may also in part explain why patients with decompensated 
cirrhosis have an increased risk of developing AKI, as well as HRS (65).   
 
1.4.2 CIRRHOTIC CARDIOMYOPATHY 
 
The circulatory dysfunction in decompensated cirrhosis also includes the 
heart. It can initially compensate for the vasodilatation and the hyperdynamic 
circulation to the degree of the individual cardiac reserve. However, over 
time some degree of cardiac insufficiency occurs, despite that the cardiac 
index is usually higher than normal (>4 L/min/m2). The definition of cirrhotic 
cardiomyopathy is a decreased cardiac function in the absence of prior heart 
disease (66). At resting status cirrhotic cardiomyopathy is not evident but 
when challenged, the cardiac dysfunction becomes evident. This means that 
cirrhotic cardiomyopathy is included in the heart failure with a preserved 
ejection fraction, i.e., the subtype HFpEF (48). Therefore, when the 
cardiovascular system is challenged, for example by insertion of transjugular 
intrahepatic portosystemic shunt (TIPS) or liver transplantation (LT) (67) the 
cardiac dysfunction may become overt. Cirrhotic cardiomyopathy is 
associated with increased mortality in cirrhosis. A lower cardiac index (<1.5 
L/min/m2) is correlated with the development of HRS type 1 within 3 months 
(68) and a lower cardiac output with development of HRS in patients who 
improved from spontaneous bacterial peritonitis (69). These findings suggest 
that the significant cardiovascular strain posed by bacterial infections and the 
severe peripheral arterial vasodilatation in advanced cirrhosis, together with 
the inadequate systolic contractile response in the heart and reduced renal 
perfusion, contributes to the pathogenesis of acute kidney injury and 
hepatorenal syndrome (70). The pathophysiology described in chapter 1.4.1 
and 1.4.2 is summarized in Figure 2. 
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Figure 2. Main principles of peripheral arterial vasodilation hypothesis. 
R(N)AAS, renin-angiotensin aldosterone system; SNS, sympathetic nervous 
system; ADH, antidiuretic hormone; HRS, hepatorenal syndrome. Reproduced 
with permission from Elsevier, CCC Rights Link services. From reference 68. 
Bernardi M et al, J Hepatol 2015;63:1272-1284. 

 
1.4.3 SYSTEMIC INFLAMMATION  
 
Despite attempts to restore the circulatory dysfunction associated with HRS 
using volume expanders (albumin) and vasoconstrictors targeting the 
splanchnic vasodilation (terlipressin) the syndrome is not reversible in about 
40% of patients (71). In a study on patients with HRS and bacterial infection 
(54) the resolution rate to standard of care was even lower (33%), suggesting 
that there are additional pathophysiological factors at play. In advanced 
cirrhosis serum levels of C-reactive protein, leukocyte count, pro-
inflammatory cytokines, including interleukins, tumor necrosis factor (TNF) 
and endotoxins, are elevated and further increased with the disease severity 
regardless of a diagnosis of bacterial infection (72, 73). The levels are highest 
in ACLF in which kidney failure is frequent and has a significant prognostic 
impact (19, 74, 75). BT from the gut to the mesenteric lymphatic system is 
believed to promote systemic inflammation in advanced chronic liver disease 
and is associated with increased levels of pro-inflammatory cytokines, in 
particular TNF and interleukin-6 associated with the monocyte activation (74, 
75). These pro-inflammatory cytokines have been associated with renal 
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impairment in patients with cirrhosis, ACLF and ALF (19, 76). The 
mediators for the activation of these immune cells are hypothesized to be 
pathogen-associated molecular patterns (PAMPs) (for instance 
lipopolysaccharide) derived from bacterial infections and BT or damage-
associated molecular patterns (DAMPs) released from the damaged liver 
Figure 3.  
 

 
Figure 3. Factors involved in the pathogenesis of HRS. Main principles of 
peripheral arterial vasodilation hypothesis. RAAS, renin-angiotensin aldosterone 
system; SNS, sympathetic nervous system; AVD, arginine vasopressin; GFR, 
glomerular filtration rate; DAMPs, damage associated molecular patterns; 
PAMPs, pathogen associated molecular patterns; CO, carbon monoxide; NO, 
nitric oxide; HMGB1, hih-mobility group box 1; HSPs, heat shock proteins; TNF, 
tumour necrosis factor; IL-6, interleukin-6. Reproduced with permission from 
Springer Nature, CCC Rights Link services. From reference 37. Ginés P et al, Nat 
Rev Dis Primers 2018;4:23. 

 
BT is also hypothesized to be the driver behind the upregulation of renal 
tubular toll-like receptor 4 (TLR4), which is associated with pronounced 
renal dysfunction, tubular damage, and apoptosis in both clinical and 
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experimental studies (77, 78). These inflammatory mediators also act on 
vascular smooth muscle cells, which may further affect the hemodynamic 
impairment in cirrhosis contributing to the development of HRS (76). The 
inflammatory response is energetically costly and induce further acute-phase 
response, production of inflammatory molecules, cellular proliferation and 
migration shifting the energy resources to immune tissues. The mobilization 
of energy originates from fuel storages by proteolysis, lipolysis and 
glycogenolysis, which has been shown in patients and animals with sepsis 
(79, 80).  If the metabolic demand exceeds the resources, the non-immune 
tissues may have to adapt by decreasing their energetic demand, which may 
play a part in the development of the organ failures seen in sepsis as well as 
in ACLF. In a study on patients with acute decompensation and ACLF, 
patients with ACLF had a distinctive blood signature of intense proteolysis 
and lipolysis, which was unrelated to the presence of discernible bacterial 
infection irrespective of what organ was failing (81). Thus, the mechanisms 
of action that lead to HRS-AKI and sepsis-induced AKI have been suggested 
to be similar. Inflammation and microvascular dysfunction can amplify the 
effect of PAMPs and DAMPs on the epithelial cells of the proximal tubule. 
This signal extends to all proximal tubule epithelial cells and causes 
mitochondria-mediated downregulation of all metabolic cell functions except 
those needed for cell survival. Therefore, the absorption of sodium chloride 
on the luminal side is discontinued leading to an increased delivery to the 
macula densa, which triggers intrarenal activation of RAAS followed by a 
lowered GFR (82). Also, as in sepsis the internal renal redistribution of blood 
flow from the cortex is one of the microvascular changes hypothesized to be 
the cause of ischemia in the corticomedullary junction and ensuing tubular 
injury as well as decreased GFR (83).  
 
1.4.4 CHOLEMIC NEPHROPATHY 
 
Furthermore, reduced liver function or cholestasis can lead to cholemic 
nephropathy with a direct tubular damage due to high serum bilirubin and 
bile-acids causing inflammation, macrovascular damage and/or tubular 
epithelial injury in the distal nephron segments, intraluminal bile cast 
formation and consequently obstruction as well as dilatation of the tubules 
(84, 85).  
 
Since the pathophysiology of kidney dysfunction in cirrhosis is complex and 
several factors are involved, the need for a structured approach to differential 
diagnosis and treatment is evident. See Figure 4 for a summarization of 
chapter 1.4. 
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Figure 4. Mechanisms of renal injury potentially involved in HRS-AKI in 
patients with cirrhosis.  involved in the pathogenesis of HRS. Main principles of 
peripheral arterial vasodilation hypothesis. AKI, acute kidney injury; HRS, 
hepatorenal syndrome. Reproduced with permission from Elsevier, CCC Rights 
Link services. From reference 35. Angeli P et al, J Hepatol 2019;71:811-822. 

 
 
1.4.5 DIAGNOSIS AND TREATMENT OF AKI AND 
HRS-AKI 
 
AKI is present in 20-30% of patients with cirrhosis prior to hospital 
admission (86). Thus, to be able to diagnose AKI promptly on admission, the 
recommendation is to use a measured sCr within the last three months as 
baseline. In patients with more than one value of sCr within 3 months, the 
most recent value before admission should be used. The individual baseline 
sCr-value is important to be able to recognize subtle changes within the 
specified time frames (45), Table 1. In the general population KDIGO 
recommends inversely applying the formula MDRD-6 assuming a baseline 
GFR of 75 ml/min/1.73m2 to compute a baseline sCr in persons lacking a 
measured baseline Cr value prior to admission. This is not recommended in 
cirrhosis due to significant risk of overestimating GFR, thus reducing the 
possibility to diagnose AKI (86). Therefore, in patients without a previous 
value, the sCr measured on admission should be used as baseline (45) in the 
definition of AKI, despite the risk of delaying the diagnosis of AKI.  
 
To be able to initiate treatment of AKI, the next step is to establish the 
etiology of AKI. The differential diagnoses of the AKI phenotypes in 
advanced liver disease are pre-renal (including HRS-AKI), intra-renal (for 



Anna Cederborg 

16 

experimental studies (77, 78). These inflammatory mediators also act on 
vascular smooth muscle cells, which may further affect the hemodynamic 
impairment in cirrhosis contributing to the development of HRS (76). The 
inflammatory response is energetically costly and induce further acute-phase 
response, production of inflammatory molecules, cellular proliferation and 
migration shifting the energy resources to immune tissues. The mobilization 
of energy originates from fuel storages by proteolysis, lipolysis and 
glycogenolysis, which has been shown in patients and animals with sepsis 
(79, 80).  If the metabolic demand exceeds the resources, the non-immune 
tissues may have to adapt by decreasing their energetic demand, which may 
play a part in the development of the organ failures seen in sepsis as well as 
in ACLF. In a study on patients with acute decompensation and ACLF, 
patients with ACLF had a distinctive blood signature of intense proteolysis 
and lipolysis, which was unrelated to the presence of discernible bacterial 
infection irrespective of what organ was failing (81). Thus, the mechanisms 
of action that lead to HRS-AKI and sepsis-induced AKI have been suggested 
to be similar. Inflammation and microvascular dysfunction can amplify the 
effect of PAMPs and DAMPs on the epithelial cells of the proximal tubule. 
This signal extends to all proximal tubule epithelial cells and causes 
mitochondria-mediated downregulation of all metabolic cell functions except 
those needed for cell survival. Therefore, the absorption of sodium chloride 
on the luminal side is discontinued leading to an increased delivery to the 
macula densa, which triggers intrarenal activation of RAAS followed by a 
lowered GFR (82). Also, as in sepsis the internal renal redistribution of blood 
flow from the cortex is one of the microvascular changes hypothesized to be 
the cause of ischemia in the corticomedullary junction and ensuing tubular 
injury as well as decreased GFR (83).  
 
1.4.4 CHOLEMIC NEPHROPATHY 
 
Furthermore, reduced liver function or cholestasis can lead to cholemic 
nephropathy with a direct tubular damage due to high serum bilirubin and 
bile-acids causing inflammation, macrovascular damage and/or tubular 
epithelial injury in the distal nephron segments, intraluminal bile cast 
formation and consequently obstruction as well as dilatation of the tubules 
(84, 85).  
 
Since the pathophysiology of kidney dysfunction in cirrhosis is complex and 
several factors are involved, the need for a structured approach to differential 
diagnosis and treatment is evident. See Figure 4 for a summarization of 
chapter 1.4. 
 

Anna Cederborg 

17 

 
 

Figure 4. Mechanisms of renal injury potentially involved in HRS-AKI in 
patients with cirrhosis.  involved in the pathogenesis of HRS. Main principles of 
peripheral arterial vasodilation hypothesis. AKI, acute kidney injury; HRS, 
hepatorenal syndrome. Reproduced with permission from Elsevier, CCC Rights 
Link services. From reference 35. Angeli P et al, J Hepatol 2019;71:811-822. 

 
 
1.4.5 DIAGNOSIS AND TREATMENT OF AKI AND 
HRS-AKI 
 
AKI is present in 20-30% of patients with cirrhosis prior to hospital 
admission (86). Thus, to be able to diagnose AKI promptly on admission, the 
recommendation is to use a measured sCr within the last three months as 
baseline. In patients with more than one value of sCr within 3 months, the 
most recent value before admission should be used. The individual baseline 
sCr-value is important to be able to recognize subtle changes within the 
specified time frames (45), Table 1. In the general population KDIGO 
recommends inversely applying the formula MDRD-6 assuming a baseline 
GFR of 75 ml/min/1.73m2 to compute a baseline sCr in persons lacking a 
measured baseline Cr value prior to admission. This is not recommended in 
cirrhosis due to significant risk of overestimating GFR, thus reducing the 
possibility to diagnose AKI (86). Therefore, in patients without a previous 
value, the sCr measured on admission should be used as baseline (45) in the 
definition of AKI, despite the risk of delaying the diagnosis of AKI.  
 
To be able to initiate treatment of AKI, the next step is to establish the 
etiology of AKI. The differential diagnoses of the AKI phenotypes in 
advanced liver disease are pre-renal (including HRS-AKI), intra-renal (for 



Anna Cederborg 

18 

example acute tubular necrosis (ATN-AKI) or acute interstitial nephritis) or 
post-renal causes. Pre-renal AKI is the most common cause of AKI in 
cirrhosis (68%) (1), which, for example, can be addressed by cessation of 
diuretics and volume replacement using plasma volume expanders 
(crystalloid solutions or albumin) according to the cause and severity of fluid 
loss (for example gastrointestinal bleeding) as well as the severity of AKI 
(33). Post-renal causes of AKI are very rare in hospitalized patients with 
cirrhosis (1, 87) and can be ruled out by ultrasound. The main clinical 
problem is usually to differentiate between ATN-AKI and HRS-AKI, also the 
etiologies of AKI that are associated with the worst prognosis (43, 88). Using 
sCr to differentiate between etiologies is not possible, as it is a marker of 
renal filtration and cannot distinguish between functional and structural 
damage. Thus, during the recent years focus has been on finding an objective 
biomarker that can differentiate between ATN and HRS. The focus has 
mainly been on markers of tubular injury, which if elevated, in conjunction 
with a sharp decline in GFR, could indicate a structural damage (40). For 
example, patients with renal dysfunction associated with infection have been 
shown to have higher levels of urinary biomarkers of tubular damage 
compared to patients with classical HRS, i.e., of predominantly functional 
nature (89). Among the promising biomarkers urinary neutrophil gelatinase-
associated lipocalin (NGAL) is the most investigated and shows consistency 
in patients diagnosed with HRS (90-92). Therefore, NGAL has been 
suggested to be an objective test used to differentiate between functional and 
structural AKI in cirrhosis and to guide the diagnostic and therapy 
management (90). Nonetheless, the cut-off values used varied between 
studies and overlap between etiologies of AKI and have not been confirmed 
by using a reference kidney biopsy. It has been suggested that longstanding 
pre-renal AKI, as well as HRS-AKI with intense renal vasoconstriction, can 
lead to ATN and thus represent a continuum instead of separate entities (40).  
Also, neither NGAL nor other biomarkers are routinely available in most 
parts of the world. Consequently, HRS-AKI is still a clinical diagnosis of 
exclusion. The currently recommended diagnostic and treatment algorithms 
for AKI and HRS-AKI are described in Figure 1 and Box 1, including the 
definition of treatment response, progression, and regression of AKI (24, 33). 
Importantly, the differential diagnosis of HRS-AKI can only be considered 
after no improvement in kidney function is seen after diuretics are stopped, 
and plasma expansion with intravenous albumin 1 gram/kilogram 
bodyweight (max 100 grams/day) is given for 2 days in AKI > stage 1A. The 
treatment of HRS-AKI includes albumin, to expand plasma volume and 
improve cardiac contractility, in lower doses 20-40 grams/day together with a 
vasoconstrictor to counteract the splanchnic vasodilation, preferably 
terlipressin 2-12 grams/day, with a progressively increasing dosage according 
to the treatment response, for a maximum of 14 days (33). Research shows 
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that the treatment response in HRS varies between studies from 20-80% (45), 
which may be a result of differences in patient population, definition of HRS 
or the type of treatment used. However, there are some factors that are shown 
to impact treatment response; pre-treatment sCr, the serum bilirubin level and 
the type and pathophysiology of HRS. The higher the pre-treatment value of 
sCr the lower the treatment response, which may relate to the extent of the 
kidney injury and probably also reflects the presence of a structural injury 
(93). In patients with ACLF, the rate of treatment response in HRS-AKI is 
affected by the number of extra-renal organ failures, which in turn is 
associated with the degree of inflammatory response (94, 95). 
 
1.4.6 CKD IN ADVANCED LIVER DISEASE 

Studies on the general population have shown that CKD can occur after 
episodes of severe AKI and negatively impact patient and kidney outcome 
(96, 97). The mechanism behind a transition from AKI to CKD is not well 
understood. The progressive development of interstitial fibrosis might be due 
to a maladaptive repair in the vascular, tubular, and interstitial compartments 
of the kidneys (96). If this also applies to patients with cirrhosis is not known.  
In patients with cirrhosis, CKD was previously thought to be uncommon 
(1%) (1). With the recent change in definition of CKD (eGFR < 60 
ml/min/1.73m2 for > 3 months) now including both functional and structural 
kidney disease (23, 43, 89), the prevalence seems to have increased to 22-
32% when including both inpatients and outpatients with cirrhosis (98). This 
may be related to the rising prevalence of CKD (8-16%) in the general 
population, which has been associated with the increase in cardiometabolic 
risk factors, i.e., NAFLD, obesity, type 2 diabetes and hypertension (99, 
100). The available literature on CKD in cirrhosis is limited, with only few 
studies published during the recent years (98, 101, 102). But it has been 
suggested that the risk of developing CKD may be high in patients with 
cirrhosis who survive a hospitalization with AKI. Also, that CKD was 
associated with hospital readmission within 3 months, increased frequency of 
new episodes of AKI and bacterial infections during follow-up (102).  

1.4.7 CKD AFTER LIVER TRANSPLANTATION 

Chronic kidney failure also develops in 15-30% of patients after LT and 
severely impacts outcome (103, 104). The early post-transplant GFR is 
associated with the long-term renal outcome (105-107), which has led to a 
special focus on the pre-, intra- and post-transplant factors that can affect 
kidney function. One factor that influence kidney function, which also can be 
modified is the immunosuppression protocol, in particular the calcineurin 
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1.4.7 CKD AFTER LIVER TRANSPLANTATION 
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inhibitors (CNI). CNIs have been associated with both AKI and CKD (108). 
Randomized clinical trials have been performed using non-depletion 
induction (NDI) immunosuppression therapy with delayed and/or reduced-
dose introduction of CNI after LT (109-113). These trials only included 
patients with preserved kidney function pre-operatively and kidney function 
was evaluated by sCr or eGFR, which may influence the interpretation of the 
results. The early kidney injury was decreased (109), remained the same or 
improved at 1 year compared to immunosuppression with standard-dose CNI 
and corticosteroids (110). One of the studies, with NDI and reduced dose of 
CNI, but without the delayed introduction, could not show a reduction in 
nephrotoxicity (111). However, the renal benefit seemed to be partly 
dependent on which equation was used to calculate eGFR (109-111). The use 
of NDI with delayed reduced-dose CNI is still uncommon and therefore, 
reports on real-world experience with these protocols are scarce. 
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2 AIM 
 

The overall aim of this PhD project is to characterize factors affecting kidney 
function in advanced liver disease as well as after liver transplantation and to 
further understand the complex interaction between acute and chronic kidney 
disease in cirrhosis. More specifically the aims are: 

I. To investigate the association between AKI (including HRS) and 
subsequent CKD in patients with cirrhosis and quantify the 
cumulative incidence of CKD in patients with cirrhosis, with and 
without prior AKI.  

 

II. To investigate the association between AKI in cirrhosis, AKI in 
ACLF and the impact on survival as well as the development of CKD  

 

III. To evaluate the effect of basiliximab induction with delayed reduced-
dose tacrolimus on kidney function, rejection episodes and survival 
rates after LT.  
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3 PATIENTS AND METHODS 
In this thesis we used three different study cohorts in order to deepen the 
understanding of kidney dysfunction and the interaction between AKI and 
CKD in advanced liver disease. In studies I and II all patients had liver 
cirrhosis and in Study III, all patients had advanced acute or chronic liver 
disease (see Table 3.). The Swedish cause of death register, in which all 
deaths in Sweden since 1952 are registered, was used to identify cause and 
date of death in all three studies. In Study III the information on mortality 
data was incorporated in the Nordic liver transplant register (NLTR). 
Decompensated cirrhosis was defined as diagnoses of either bleeding varices, 
ascites, or HE. 
 

Table 3. Main design characteristics of the studies included in the thesis  
 

 Study I Study II Study III 

Patient cohort DELIVER 

Sahlgrenska 
University 

Hospital liver 
cirrhosis cohort 

Sahlgrenska 
University 

Hospital liver 
transplant cohort 

Study design Retrospective 
cohort study 

Retrospective 
cohort study 

Retrospective 
cohort study 

Number of 
patients 
included 

46,946 312 627 

Inclusion 
period 1988-2020 2002-2007 2000-2017 

Data collection Register-based Patient records 
Register-based 

and patient 
records 

Evaluation of 
kidney function ICD diagnosis  

Biochemical 
laboratory data, 

eGFR 

Biochemical 
laboratory data, 
eGFR, mGFR 
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3.1 ETHICAL CONSIDERATIONS 

All data in this thesis are collected either by anonymized medical records or 
from coded registry data. As such, none of the studies include personal data 
that can be deduced to a specific study individual, which means that the 
integrity of a separate individual is not endangered in any of the studies in 
this thesis. Ethical approval for Study I is granted by the Regional board of 
ethics in Stockholm (Dnr 2017/1019-31/1). For Study II ethical approval is 
granted by the Regional board of ethics in Gothenburg (diary number 1002-
12) with a complementary approval (Dnr: T608-18). Ethical approval for 
Study III is granted by the Regional board of ethics in Gothenburg (diary 
number 048-13) with a complementary approval (Dnr: EPM 2019-00971). 
Because these studies are register-based the ethics committees waived 
informed consent. 
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3.2 STUDY I  

3.2.1 STUDY POPULATION 

In Study I we used the DELIVER (Decoding the epidemiology of liver 
disease in Sweden) cohort (114) to include all patients with a diagnosis of 
cirrhosis defined according to ICD codes (ICD–Ninth Revision [ICD-9] and 
ICD–Tenth Revision [ICD-10]) in the National patient register (NPR) 
between 1988 and 2020 (see Study I, Supplementary table 1, for the ICD 
codes used). The NPR became nationwide in 1987 and contains main and 
contributing diagnoses of hospitalizations as well as hospital-based outpatient 
visits since 2001. We decided to start the study from 1988 to allow for at 
least one year look-back period for the exclusion criteria. Patients with 
cirrhosis without previous AKI, HRS, CKD, renal replacement therapy, or 
previous liver and kidney transplantation were excluded. Patients were also 
excluded if they had re-used or miscoded Swedish personal identity numbers, 
emigrated from Sweden before baseline, died before baseline, or had baseline 
and end of follow-up on the same date (December 31, 2020).  

The baseline date was defined as the first health care contact with a code for 
cirrhosis, either with or without a diagnosis of AKI or HRS, using both 
primary and contributing diagnoses in the in- and outpatient registers. See 
Study I, Supplementary table 2 for ICD codes used to define AKI and HRS. 
Patients with AKI (including HRS) were considered as exposed, and patients 
with only cirrhosis as unexposed. Patients with cirrhosis that developed AKI 
after baseline were re-classified as exposed to AKI at the time of diagnosis of 
AKI but contributed to time at risk as unexposed up to that date.  

3.2.2 DATA COLLECTION 

At baseline, we collected data on the included patients´ demographics (sex, 
age, country of birth, the highest achieved education and year of inclusion), 
comorbidities and potential confounders, i.e., cardiovascular disease (CVD), 
hypertension, chronic obstructive pulmonary disease (COPD) and diabetes. 
The ICD codes are shown in Study I, Supplementary Table 4. We also 
classified patients as having compensated or decompensated cirrhosis. To 
increase the positive predictive value, specifically for ICD codes for ascites 
and HE, (115) and thus to avoid misclassification of decompensation prior to 
the diagnosis of cirrhosis, these ICD codes were only included in the 
diagnosis of decompensated cirrhosis if an ICD code for chronic liver disease 
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was present as well. The ICD codes used are presented in Study I, 
Supplementary table 1 and 3.  

3.2.3 FOLLOW UP AND OUTCOME 

Patients were followed until either the first incident episode of CKD, 
development of AKI in persons free of AKI at baseline, LT, death, 
emigration, or end of follow-up (December 31, 2020), whichever occurred 
first. The primary outcome was CKD, either as the main cause of death or the 
main or contributing cause of the healthcare contact in NPR. A diagnosis of 
renal replacement therapy or kidney transplantation were also included in the 
definition of CKD. The secondary outcome was kidney-related death, using 
the diagnosis of main or contributing cause of death in the cause of death 
register (see Study I, Supplementary Table 5 for ICD codes used). 

3.3 STUDY II 

3.3.1 STUDY POPULATION 

In Study II we included consecutive adult patients admitted to Sahlgrenska 
University Hospital for complications of cirrhosis during a 6-year period 
(2002-2007). To identify patients, we used a data register of all hospital-
based visits and hospitalizations utilizing ICD-10 codes for chronic liver 
disease and cirrhosis, i.e., K70.2, K70.3, K71, K74, K75, K83.0A, B18.1E, 
B18.2E, B18.2G. Many patients were excluded which was expected due to 
non-cirrhosis specific ICD codes and a few due to missing data. Thus, after 
manual verification in the patients´ medical records, all patients who fulfilled 
the criteria for cirrhosis (histology diagnosis or radiological imaging and 
biochemical laboratory data consistent with cirrhosis) and were hospitalized 
during the inclusion period were included.  

3.3.2 DATA COLLECTION 

From the patient records, we collected data on demographics i.e., age, gender, 
etiology of liver disease and co-morbidities (i.e., diabetes, hypertension, 
CVD and CKD). Also, laboratory data, including sCr levels during the 3 
months prior to the index hospitalization, clinical and investigatory findings, 
as well as medical treatments, including LT.  

Anna Cederborg 

29 

Estimated GFR was calculated using the MDRD-4 equation, without 
including race (37), instead of MDRD-6 since blood urea nitrogen 
measurements were lacking in most patients.  

AKI was defined using the ICA-AKI criteria and categorized into stage 1-3 
according to severity. Baseline sCr was defined as the most recent sCr within 
3 months of admission. If no prior sCr value was available, the admission 
value was used as baseline. AKI progression included development of AKI 
during hospitalization or progression of AKI stage during hospitalization. 
Information on ACLF, defined and graded according to the CLIF-C ACLF 
score, bacterial infections (positive cultures or radiological findings), HE, 
gastrointestinal bleeding, ascites, HRS, SBP and CKD was collected. The 
admission and maximum MELD and Child-Pugh scores reached during 
hospitalization were calculated.  

3.3.3 FOLLOW UP AND OUTCOME 

The patients were followed until death, LT or the end of study date 
(December 31, 2017). We assessed characteristics of the hospitalized patients 
who developed AKI and/or ACLF and the impact on survival and later 
development of CKD.  

3.4 STUDY III 

3.4.1 STUDY POPULATION 

In Study III we used the NLTR to include all adult patients who underwent 
liver transplantation at Sahlgrenska University Hospital between 2000-2017, 
including both advanced acute and chronic liver disease. Exclusion criteria 
were missing data at baseline (the enrollment on the waitlist for LT) on 
mGFR or at both 3- and 12-months post-LT, split or reduced graft or 
auxiliary LT, ABO incompatibility, multi-visceral transplantation, domino 
LT, combined liver and kidney/heart/lung transplantation or prior non-liver 
transplantation.  

The patients were grouped according to the treatment protocol used at the 
time of their LT into either a conventional treatment group (LT between 
2000-2007) or a revised treatment group (LT between 2010-2017). The 
treatment protocols are further described below. In the transitional period 
between 2008-2009 patients undergoing LT received either the same 
immunosuppressive protocol as the conventional treatment group or that of 
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the revised treatment protocol. Decision on which immunosuppressive 
protocol to use was made according to the clinicians ́ judgement. The 
protocol for the use of CNI and NDI was not standardized during this period. 
Hence, the patients transplanted in the transitional period were excluded from 
the analysis.  

Intraoperatively, all patients received 1000 mg of methylprednisolone during 
the study period (2000-2017). The maintenance protocol in all patients with 
primary sclerosing cholangitis or autoimmune hepatitis, included oral 
steroids, i.e., prednisolone 20 mg started on POD 1 and tapered stepwise at 3 
months to 5 mg. All other patients were steroid free post-LT.  

The conventional group received tacrolimus (TAC) (with an immediate 
release formula) and prednisolone (200 mg/day) from post-operative day 
(POD) 0 with the aim of TAC trough levels in a higher therapeutic window 
of 10– 15 ng/mL for 2 months followed by 5–10 ng/mL. Prednisolone was 
tapered stepwise to 20 mg/day on POD 4 and at 3 months to 5 mg/day. 
Mycophenolate mofetil (MMF) was added in patients with impaired renal 
function or in case of graft rejection.  

The revised treatment group received an NDI induction therapy with 
basiliximab 20 mg intravenously on POD 0 and 4. TAC (immediate release 
formula), was delayed to POD 3 aiming for lower trough levels ranging 
between 5–8 ng/mL, which also implies a lower daily dose of CNI, for 3 
months, and thereafter further decreased to 3–5 ng/mL. MMF 1000 mg was 
also initiated twice daily, with dose-reduction in case of side-effects.  

3.4.2 DATA COLLECTION 

We collected information from patient medical record data and NLTR on 
biochemical laboratory data, and calculated MELD score, body mass index 
(BMI), from the time of enrollment on the waitlist (baseline) and the day of 
transplantation, as well as cold ischemia time and intra-operative blood loss. 
Kidney function was evaluated in all patients by mGFR (iohexol or chrome-
EDTA clearance) at baseline, as well as 3 and/or 12 months post-LT. For 
statistical reasons the GFR was set to 5 ml/min/1,73m2 in patients who 
received renal replacement therapy. We also calculated eGFR by the CG and 
MDRD-4 equations, which allowed for comparison with previously 
published studies.  
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3.4.3 FOLLOW UP AND OUTCOME 

The primary outcome was mGFR at 12 months post-LT. The secondary 
outcomes were mGFR at 3 months post-LT, the change in mGFR from 
enrollment on the waitlist to 3- and 12-months post-LT, biopsy-proven acute 
rejection, as well as graft and patient survival.  

3.5 STATISTICS 

3.5.1. STUDY I 

The continuous variables were presented as medians with interquartile range 
(IQR) and compared with Wilcoxon rank-sum test. The categorical variables 
were expressed as proportions and compared using Pearson ́s χ2-test. We 
calculated the incidence rates of CKD per 1,000 person-years (PY) of follow-
up.  

We also used two modelling approaches. The etiological association between 
AKI and CKD in cirrhosis was evaluated using Cox regression to estimate 
crude and adjusted hazard ratios (i.e., crude HR or aHR) with 95% 
confidence intervals (CIs) for CKD and kidney-related mortality, 
respectively. We considered age, sex, country of birth, education time, the 
number of total healthcare contacts in the year preceding study baseline, 
CVD, hypertension, COPD, and diabetes as potential confounders in the 
adjusted model.  

We expected the overall mortality to be higher in patients with AKI 
compared to patients without, which would affect the cumulative incidence of 
CKD and kidney- related death. Therefore, we also performed a competing 
risk regression (Fine & Gray), considering non-CKD-related death and non-
kidney-related death as the competing risk, respectively (116, 117). The sub-
distribution hazard ratios (sHRs) were calculated for both the primary and 
secondary outcomes, using a model that was adjusted for the same 
confounders as in the Cox regression models. We applied the same censoring 
criteria, except mortality.  

The cumulative incidence was calculated (using Stata: stcompet (118)) at pre-
specified time points, which were 30, 90 and 365 days after baseline. The 
cumulative incidences for both main and secondary outcomes were presented 
using cumulative incidence functions, considering competing risks.  
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respectively. We considered age, sex, country of birth, education time, the 
number of total healthcare contacts in the year preceding study baseline, 
CVD, hypertension, COPD, and diabetes as potential confounders in the 
adjusted model.  

We expected the overall mortality to be higher in patients with AKI 
compared to patients without, which would affect the cumulative incidence of 
CKD and kidney- related death. Therefore, we also performed a competing 
risk regression (Fine & Gray), considering non-CKD-related death and non-
kidney-related death as the competing risk, respectively (116, 117). The sub-
distribution hazard ratios (sHRs) were calculated for both the primary and 
secondary outcomes, using a model that was adjusted for the same 
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Analyses were performed using Stata version 16.1 and R version 4.1.2. The 
statistical significance was set to p <0.05.  

3.5.2 STUDY II 

Non-normally distributed continuous variables were presented as medians 
with IQR and compared with Mann-Whitney U test. Normally distributed 
continuous variables were presented as means with standard deviation (SD) 
and compared by Student’s t-test. Categorical variables were reported as 
proportions and compared using Chi-square and Fisher’s exact test. Factors 
associated with AKI and mortality in cirrhosis were assessed by univariate 
and multivariate analysis. The variable selection was performed using the 
univariate analysis of factors with a p-value <0.1. To limit collinearity, 
variables with a Pearson correlation coefficient of >0.7 were assessed. The 
variable deemed clinically more important was chosen. Also, the variables 
associated with transplant free survival in a univariate analysis were age, 
ACLF during hospitalization, AKI progression, maximum AKI stage 
reached, MELD, mean arterial pressure (MAP), bacterial infection, cirrhosis 
due to alcohol, previous decompensation with HE, leukocyte count and 
albumin at admission and CKD at follow-up. They were entered as covariates 
in the multivariate model.  

Time since the first admission between 2002-2007 was used as the 
underlying time frame. Transplant-free survival was investigated using Cox´s 
proportional hazard analysis, using the variables found to be significant in the 
multivariate regression model, and were expressed as aHR for mortality with 
95% CI. Estimation of survival functions were calculated with the Kaplan-
Meier method and compared with the log-rank test. Patients transplanted 
during the follow-up period were considered censored at the time of 
transplantation.  

The statistical analysis was performed using SPSS statistical package, version 
28.0. The statistical significance was set to p<0.05. 

3.5.3 STUDY III  

Normally distributed continuous variables were presented as means with SD 
and compared by Student’s t-test. Categorical variables were presented as 
proportions and compared using Chi-square and Fisher’s exact test. 
Univariate and multivariable linear regression analyses were used to evaluate 
the association between treatment protocol and renal outcomes. Potential 
confounders associated with mGFR at 12 months post-LT were identified as 
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factors with a p-value <0.1 in the univariate linear regression. These factors 
were adjusted for in the multivariable regression analysis in the model 1 
adjustment. Also, to limit collinearity, we chose the factor deemed clinically 
more important, among those factors with a Pearson correlation coefficient of 
>0.7. A model 2 adjustment was also performed adjusting for clinical 
confounders associated with kidney function after LT in previous studies 
(119-124). These factors were recipients´ age and sex, donor age, donor BMI, 
alcohol-related liver disease or hepatitis C (HCV) as primary indication for 
LT, mGFR at baseline, intraoperative blood loss, cold ischemia time, delta 
sCr at baseline and on the day of LT, serum bilirubin and INR on the day of 
LT, time on waiting list and hemodialysis prior to LT (122-124).  

Further subgroup analyses were performed using baseline mGFR (above or 
below 60 ml/min/1.73m2, i.e the mGFR cut-off for AKD/CKD), MELD score 
(using both 15 and 25 at the day of LT as cut-offs mirroring different severity 
of the liver disease), HCV as etiology of the liver disease (associated with 
progressive loss of kidney function (125)), and intraoperative blood loss 
(associated with post-operative AKI (126-128). Kaplan-Meier analysis and 
log rank tests were used for the patient and graft survival rates. To evaluate a 
potential time-bias between the groups we further divided them into 
subgroups based on calendar-time: 2000–2003 and 2004–2007 (the 
conventional treatment group) and 2010–2013 and 2014–2017 (the revised 
treatment group). 

A p-value <0.05 was considered statistically significant. Data were analyzed 
with SPSS version 26.  
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with SPSS version 26.  
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4 RESULTS 
 
4.1 STUDY I 
 
In total, we identified 46,946 persons with cirrhosis, 64% were men with a 
median age of 63 (IQR, 55–71) years among which 6% (2,873) received a 
diagnosis of AKI or HRS during follow-up. Notably, among patients with 
cirrhosis and AKI, 57% had decompensated cirrhosis, 48% had hypertension, 
35% had diabetes. In the group of patients with cirrhosis and AKI, 26% 
(744/2873) had a diagnosis of HRS at or after baseline of which 68% were 
men with a median age of 61 (IQR, 54-68) years. In patients with HRS, 71% 
had prior decompensated cirrhosis, 35% had hypertension and 27% had 
diabetes.  

The median time of follow-up was 2.1 (IQR, 0.5-5.7) years. CKD was 
diagnosed in 5% of persons without AKI in comparison with 20% of persons 
with AKI. The median time of follow-up was 0.3 (IQR, 0.1-1.7) years, in 
patients with cirrhosis and AKI reflecting the high overall mortality. Also, 
the incidence rate of CKD was higher in persons with cirrhosis and AKI than 
in persons without (133.0 vs. 12.5 per 1,000 person-years [PY]). In the group 
with AKI compared to the group without, the cumulative incidence of CKD 
after 90 days was 9.1% and 0.6%, respectively. Patients with cirrhosis and 
AKI had a higher mortality from both kidney related and non-kidney related 
causes, see Study I, Figure 3, compared to patients with cirrhosis without 
AKI, which affected the cumulative incidence of CKD.  

Patients with cirrhosis and AKI had a higher rate of CKD in the Cox 
regression analysis (crude HR 9.1 (95%CI 8.2-10.0) compared to those 
without AKI, which remained high (aHR 6.5, 95%CI 5.9-7.2) also after 
adjustment for potential confounders. Patients with AKI also had an aHR 7.3 
(95%CI 6.4-8.4) for kidney-related death. These results remained stable in 
the competing risk regression analyses with an adjusted sHR 3.7 (95%CI 3.6-
4.1) for CKD and 4.9 (95%CI 4.2-5.6) for kidney-related causes of death 
after AKI, Study I, Table 2 and 3.  

The results also remained robust in a sensitivity analysis including and 
excluding patients with and without HRS in the group with cirrhosis and 
AKI. 
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Main results: Patients with cirrhosis and AKI have a more than six-fold 
increased rate of CKD, compared to patients without AKI. In patients with 
cirrhosis and AKI compared to those without, the cumulative incidence of 
CKD after 90 days was 9.1% and 0.6% in patients, translating into a 15 times 
higher absolute risk for CKD. Patients with cirrhosis and AKI also have a 
high short-term mortality from both kidney and non-kidney related sources. 

4.2 STUDY II 

We initially identified 1052 individuals, but after applying the exclusion 
criteria, 739 cases were excluded based on no verifiable cirrhosis or missing 
laboratory data during hospitalization. Therefore, 312 patients were included 
in our study. AKI was diagnosed in 11% (33/312) at admission. In total 43% 
(133/312) had a measured baseline sCr value within the 3 months prior to 
admission. Overall, 27% developed AKI during hospitalization. Of these, 
70% progressed in AKI stage; 43% to AKI stage 1, 23% to AKI stage 2, and 
34% of patients to AKI stage 3. The AKI stages are defined in Study II, Table 
2. Bacterial infections and the development of ACLF were more common in 
patients who developed AKI. These patients also had a severe liver 
dysfunction, more inflammation, a higher sCr and lower MAP at admission. 
The main etiologies for abnormal sCr were dehydration, including 
gastrointestinal bleeding in 40% bacterial infection in 17% and HRS in 13% 
In the group without AKI, 13% of patients had sCr >1.5 mg/dL, and of these 
20% had a previous diagnosis of CKD compared to 71% with sCr >1.5 
mg/dL and 6% with prior CKD in the group with AKI during hospitalization.  

ACLF was present in 24% of patients during hospitalization and 63% of them 
also developed AKI. Patients with ACLF had a 3-month survival of 31% and, 
despite treatment, 46% developed AKI progression. However, only 10% 
fulfilled the criteria of kidney failure according to the CLIF-C ACLF score. 

The median time of follow-up was 2.4 (range 1.1-7.7) months, at which 44% 
(67/154) of patients presented with an eGFR < 60 ml/min/1.73m2. Thirty-
seven percent of them were then followed for more than 3 months and thus 
fulfilled the criteria of CKD. In total, three months after the index 
hospitalization 33% had died or had been transplanted. Of the 312 patients, 
25 patients had been transplanted during follow up, 6 of them underwent LT 
within 3 months from admission of the index hospitalization and 1 patient 
belonged to the group with AKI. Also, among the patients with AKI during 
the index hospitalization, 65% (20/31) had eGFR < 60 ml/min/1.73m2 at 
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follow-up and 45% (14/31) of them fulfilled the criteria of CKD. These 
patients were older, more frequently had hypertension, as well as prior CKD 
and shorter median time to follow-up. They also had a more severe liver 
disease, and more often AKI, AKI progression, and ACLF during the index 
hospitalization.  

Patients with cirrhosis and AKI had a 3-month survival of 39% versus 77% 
(p<0.001) in patients without AKI. Also, those who developed AKI 
progression during hospitalization had a 3-month survival of 36% and an 
almost doubled mortality risk compared to those without AKI progression, 
which persisted when adjusting for the presence of ACLF, bacterial infection 
and the maximum AKI stage reached during hospitalization. Notably, these 
results also persisted when adjusting for the factors found to be significant in 
the multivariate regression analysis i.e., age, serum albumin at admission, 
prior HE and ACLF. 

Main results: AKI in patients hospitalized with complications of liver 
cirrhosis is associated with increased mortality as well as CKD at follow-up. 
Patients with ACLF, more often had AKI progression and a high 3-month 
mortality, despite most patients having ACLF grade 1 and 2. Mortality is 
notably high in patients with progression of AKI even after adjustment for 
ACLF and bacterial infection. 

4.3 STUDY III 

We identified 990 patients who underwent LT during 2000–2017. After 
applying the exclusion criteria, 627 patients were included. The conventional 
treatment group included 203 patients, the transitional period group included 
81 patients and the revised treatment group included 343 patients. The 
transitional period group were excluded from further analyses, and the 
reasons for this are further described below. 

At the time of enrollment on the waitlist (baseline) no difference was found 
in mean mGFR between the conventional and revised treatment groups, 
although, the patients were older, had higher BMI, as well as a higher donor 
age and BMI in the revised treatment group. Also, the intraoperative blood 
loss and cold ischemia time were lower in this group. Hepatocellular 
carcinoma (HCC) and HCV were more frequent in the revised treatment 
group, although more patients with HCV also had HCC as primary indication 
for LT.  
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Mean mGFR at baseline, compared to eGFR calculated with CG equation, 
was lower in both groups. When using the MDRD equation, the mean mGFR 
was also lower than the mean eGFR in the revised treatment group, but no 
difference was found in the conventional group.  

Mean mGFR was higher at both 3- and 12-months post-LT in the revised 
treatment group (Figure 5). The absolute decline in mGFR from baseline to 
3- and 12, respectively, were lower in the revised treatment group. The 
frequency of mGFR <30 ml/min/1.73m2 was higher in the conventional 
treatment group at both 3- and 12-months post-LT, but no difference in the 
need for hemodialysis was found between groups. 

 

Figure 5. Comparison of unadjusted mean mGFR values between the 
conventional and revised treatment group at different time points. Time point 
zero is transplantation day. mGFR, measured GFR; LT, liver transplantation. 
Reproduced with permission according to Creative Commons CC-BY 4.0, 
https://creativecommons.org/licenses/by/4.0/legalcode . From study III, 
Cederborg A et al, Dig Liver Dis 2022;54(8):1076-1083.  

By univariate linear regression analysis, factors associated with 12-months 
mGFR were recipient age, sex, alcohol-related liver disease, HCC, mGFR at 
baseline, intraoperative blood loss, cold ischemia time, creatinine on the day 
of LT, time on the waitlist, and hemodialysis prior to LT. These factors were 
adjusted for in model 1. Measured GFR was higher in the revised treatment 
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group at both 3- and 12-months post-LT in multivariable linear regression 
analysis adjusted for either model 1 or model 2 factors. 

In the subgroup analysis the group with mGFR above 60 ml/min/1.73m2 had 
a higher mean mGFR at both 3- and 12-months post-LT in the revised 
treatment group. Similarly, in patients with mGFR below 60 ml/min/1.73m2, 
mGFR was higher in the revised treatment group at 12 months post-LT. 

In further subgroup analyses, the decrease in mGFR from baseline to 12 
months post-LT was more pronounced in the conventional treatment group, 
both when stratified by a MELD score of 15, MELD score below 25, blood 
loss of less than 4000 milliliters and HCV as the etiology of liver disease. 

Treatment with direct-acting antiviral for HCV was introduced in 2013. 
Further analyses were performed to evaluate the treatment effect of direct-
acting antiviral therapy on the primary outcome. No difference was found in 
the decline in mGFR from baseline to 12 months post-LT in HCV-negative 
patients, in patients who became HCV-PCR-negative by 12 months, and in 
those who were still HCV-PCR-positive at 12 months. Successful direct-
acting antiviral treatment before LT did not affect graft survival. 

No significant difference in the course of mGFR from baseline to 3- or 12-
months post-LT was found within the conventional treatment group or the 
revised treatment group. Therefore, it was concluded that there was no time-
effect bias within the study groups (see Study III, Supplementary Figure 7).  

The major causes of death within 10 years of LT were cancer in 52%, 
cardiovascular disease in 11% and infections 7%. No difference in patient 
survival was found between groups; 97% vs. 99% at 1 year and 84% vs. 87% 
at 5 years post-LT in the conventional versus the revised treatment group. 
Kaplan-Meier analysis showed no difference in patient survival between 
groups (p = 0.16), but the graft survival rates were higher in the revised 
treatment group at 1 (91% vs. 97%) and 5 years post-LT (75% vs. 84%), p = 
0.01.  

Biopsy proven acute rejection was diagnosed in 31% of patients (170/546), 
and 87% occurred within 12 months. Rejection was more frequent in the 
conventional treatment group at both 3-, 6- and 12-months post-LT.  
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Main results: Induction NDI immunotherapy with basiliximab and delayed 
reduced-dose tacrolimus is associated with less kidney injury after liver 
transplantation when compared to standard-dose tacrolimus, both in patients 
with preserved and reduced kidney function (mGFR above and below 60 
ml/min/1.73m2) pre-LT. Also, this revised immunotherapy protocol does not 
increase the risk for rejection, graft loss or death post-LT.  
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5. DISCUSSION 

5.1 ACUTE KIDNEY INJURY IN CIRRHOSIS 
 
In the large population-based cohort study (Study I) between 1988-2020 on 
persons with cirrhosis in Sweden, we found that AKI was diagnosed in 6% of 
patients during follow-up. A third of all patients had decompensated cirrhosis 
at inclusion which represents a heterogenous patient population, including 
both inpatients and outpatients with cirrhosis. Notably, 57% of patients who 
developed AKI had decompensated cirrhosis and comorbidities that can 
impact the kidneys, such as cardiovascular disease, hypertension, and 
diabetes, were more frequent. Also, patients with cirrhosis and AKI had a 
seven-fold increased rate of kidney-related death as well as a high cumulative 
incidence of non-kidney related mortality.   
 
The diagnostic criteria for AKI, in the general population as well as in 
cirrhosis, has changed over time with the increasing awareness of the impact 
of acute dynamic changes in sCr on prognosis. This might have influenced 
how many patients received a diagnosis of AKI in study I, as well as 
treatment. However, most patients with AKI were included after 2011 which 
might be due to both an increasing incidence of AKI and an increasing 
awareness following the updated definition of AKI in 2012.  
 
In the cohort of patients hospitalized for complications of cirrhosis (Study II), 
we found that AKI developed in 27% of these patients. The study design 
allowed for a more in-depth analyses of the characteristics of patient who 
developed AKI. We found that patients who developed AKI had lower MAP 
at admission, a higher MELD score, Child-Pugh score as well as signs of 
inflammation and more often a verified bacterial infection. This is in line 
with previous studies (33, 43), further described in the introductory chapter, 
of the multifactorial pathophysiology leading to kidney dysfunction in 
cirrhosis including circulatory dysfunction, more advanced liver disease 
(including higher bilirubin at admission) as well as more inflammation 
including bacterial infections. 
 
Using the currently recommended ICA-AKI criteria in Study II allowed for a 
confirmation of the diagnosis of AKI based on the dynamic changes of sCr. 
These criteria were implemented after the inclusion period for Study II, 
which might have delayed the diagnosis and potentially a later start of 
treatment for AKI in these patients. Of all patients with sCr > 1.5 mg/dL 
during hospitalization, i.e., the previously recognized sCr level for kidney 
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dysfunction in cirrhosis, 66% were in the group diagnosed with AKI, which 
translates into 71% of all patients with AKI. Also, patients who developed 
AKI had a higher median sCr, (above normal range), at admission and the 
most common reasons for above normal sCr were dehydration, 
gastrointestinal bleeding, and infection, which were treated promptly on 
diagnosis. Therefore, most patients would have been recognized as having 
kidney dysfunction during the inclusion period of this study.  
 
In ACLF, dysfunction of the kidneys, as the only failing non-hepatic organs, 
are recognized to severely impact prognosis (ACLF grade 1) (19). But 
importantly, the level for diagnosing kidney dysfunction required in the 
CLIF-C ACLF score is sCr ≥ 1.2 mg/dL (≥ 177 𝜇𝜇mol/L (19). Therefore, the 
impact of the diagnosis of AKI as well as AKI progression may be 
overlooked in these patients, due to drawbacks of sCr as a measurement of 
kidney function in cirrhosis, which is further described in chapter 1.3.  
 
The progression of AKI during hospitalization was found to further decrease 
survival and was accorded with an almost doubled risk of death, even after 
adjusting for the maximum AKI stage reached during hospitalization, 
bacterial infections and ACLF.  
 
Therefore, this thesis presents new information on AKI in all patients with 
cirrhosis, adds to the knowledge of the significant impact AKI has on the 
prognosis in cirrhosis, especially in the situation of AKI progression during 
hospitalization.  
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5.2 ASSOCIATION BETWEEN ACUTE KIDNEY 
INJURY AND SUBSEQUENT CHRONIC KIDNEY 
DISEASE  
In the population-based cohort study (Study I), we found that in patients with 
cirrhosis and AKI the cumulative incidence of CKD is 9.1% after 3 months, 
translating into a 15 times higher absolute risk for CKD compared to patients 
without AKI. Furthermore, patients with AKI had an almost six-fold 
increased rate of CKD after AKI, even when considering possible 
confounders, and the results remained stable when considering the high 
cumulative incidence of non-CKD mortality. Interestingly, most patients 
diagnosed with CKD did not have a previous diagnosis of AKI.  
 
The prevalence of CKD in patients with cirrhosis is not known (33). We 
found that CKD was diagnosed in 6% of patients with cirrhosis. Also, 32% 
had decompensated cirrhosis at inclusion, mirroring the inclusion of both the 
in- and outpatient population with cirrhosis. This is important when 
comparing our results with previous studies (32, 98, 102, 129) on this topic, 
which mainly included patients hospitalized with complications to cirrhosis, 
i.e., often decompensated cirrhosis.  
 
In the study cohort hospitalized for complications of cirrhosis (Study II), AKI 
was associated with increased mortality as well as an increased risk of CKD 
at follow-up. Specifically, the patients who presented with eGFR < 60 
ml/min/1.73m2 at follow-up had traits that have been associated with 
maladaptive repair after AKI, i.e., more advanced age, hypertension, 
inflammation and a previously diagnosis of AKI (and CKD). AKI cause 
damage to the tubular cells, which can lead to an injury or cell death. 
Thereafter, the surviving mature tubular cells can regenerate and proliferate 
(adaptive response) and thus restore the integrity of tubular cell layer and 
lead to conditions in which the baseline kidney function can recover. In a 
maladaptive repair response, the cell regeneration is blocked, leading to an 
ongoing inflammation stimulated by pro-inflammatory cytokines released 
from these blocked cells. The maladaptive response has been associated with 
a development of interstitial fibrosis in the kidneys and a transition from AKI 
to CKD (40, 130, 131). Thus, the characterization of risk factors for 
maladaptive response after AKI in patients with cirrhosis can further guide 
clinical awareness and management of these patients.  
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Thus, this thesis also presents new knowledge on the association between AKI 
and CKD in cirrhosis as well as the degree of impact of AKI on the 
development of CKD in cirrhosis. 
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5.3 KIDNEY FUNCTION AFTER LIVER 
TRANSPLANTATION 

With improved surgical techniques as well as peri-operative management the 
short time survival after LT has significantly improved over time. The long-
term outcomes remain somewhat unsatisfactory, which is suggested to result 
from complications of the long-term immunosuppression therapy, including 
both malignancies, kidney failure and infections (132). The development of 
CKD and end-stage kidney disease after LT affects outcome. Importantly, the 
level of kidney function as early as 3-12 months post-LT is associated with 
the long-term kidney outcome. Therefore, it is important to investigate 
potentially modifiable factors associated with kidney function post-LT. 

In Study III, we performed the first large real-world experience evaluating 
routine NDI therapy with basiliximab and delayed-onset, reduced-dose TAC 
with mGFR to evaluate kidney function, both pre- and post-LT for all study 
patients. We found that this immunosuppressive protocol was associated with 
less kidney injury when compared to the protocol with standard-dose 
tacrolimus, even after correcting for multiple confounders.  

Importantly, this was shown in all liver transplanted patients irrespective of 
pre-transplant kidney function, which provides new information and supports 
the recommendations to use this immunosuppressive protocol in patients with 
preserved as well as decreased kidney function pre-LT (133, 134) These 
guidelines have based their recommendations on randomized controlled trials 
only including patients with preserved kidney function (109-111) in which 
the effect on kidney function post-LT in part depended on which equation 
was used to estimate eGFR (111).  

We could also show that there was a significant difference in mean GFR at 
baseline, using the CG and the MDRD equations to estimate GFR, compared 
to the gold standard mGFR, which further supports the importance of correct 
measurement of kidney function.  

Furthermore, this study showed that the risk of biopsy-proven acute rejection, 
graft loss or death were not increased, and we did not find any confounders 
based on the severity of liver disease (MELD score) or HCV status pre- or 
post-LT.  

Thus, this thesis presents new knowledge on the real-world use of NDI 
therapy with delayed-onset and reduced-dose tacrolimus and also shows that 
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this protocol is associated with less kidney impairment post-LT in patients 
with pre-LT mGFR both above or below 60 ml/min/1.73m2 with a lower rate 
of rejection and improved graft survival.  
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5.4 LIMITATIONS 
All three studies included in this thesis are retrospective, cohort studies and 
as such there are some limitations. For example, all studies have missing 
data, due to the quality of data from registers as well as from patient records. 
With a retrospective study design, there might also be a selection bias, for 
example more frequent testing in patients who are already in contact with a 
health care provider for a medical condition, as well as potential confounding 
factors. However, these aspects are taken into account during the analysis and 
interpretation of the results in the included studies. In addition, studies II and 
III are single center cohort studies, and as such the results might not be 
representative for a larger population. Furthermore, the ICD codes used to 
identify cirrhosis have been validated and therefore implies a low risk for 
misclassification, but the ICD codes for AKI, HRS or CKD have not been 
validated in this population. Nonetheless, the population-based register study 
(study I) and the hospital-based register study (study II) used different 
methods to identify AKI and CKD. The results of both studies still highlight 
the importance of AKI as a risk factor for the development of CKD. 
  
Another limitation is that the definition of renal dysfunction, especially AKI, 
have changed during the data collection period, which might have influenced 
the results.  
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6. CONCLUSION 
 

• In patients with cirrhosis and AKI the cumulative incidence of CKD 
after 3 months is 9.1%, translating into an absolute risk that is 15 
times higher than in patients with cirrhosis without AKI. 
 

• Patients with cirrhosis and AKI have a six-fold increased rate of 
CKD compared to those without AKI.  

 
• AKI in cirrhosis is associated with a high short-term mortality from 

both kidney and non-kidney related sources. 
 

• In cirrhosis, the risk of developing CKD after AKI remained high 
even after adjusting for risk factors, such as age, hypertension, and 
diabetes. 

 
• Patients who develop AKI progression during hospitalization have a 

high mortality, even after adjusting for ACLF and bacterial infection. 
 

• Induction NDI immunotherapy with basiliximab and delayed 
reduced-dose tacrolimus is associated with less kidney injury after 
liver transplantation when compared to standard-dose tacrolimus, 
both in patients with preserved and reduced kidney function (mGFR 
above and below 60 ml/min/1.73m2) pre-LT. This revised 
immunotherapy protocol does not increase the risk for rejection, graft 
loss or death post-LT 
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7. FUTURE PERSPECTIVES 
 
In cirrhosis, an early recognition of AKI is important to treat and avoid risk 
factors for further deterioration of kidney function. The level of sCr increase 
with decreased kidney function and reduced renal filtration, but it is not a 
marker for the etiology of AKI and may be within normal range despite 
reduced kidney function. Biomarkers for kidney injury has piqued an interest 
during the recent years. For example, biomarkers for extracellular matrix 
components (for instance pro-C3) in serum is associated with liver fibrosis 
(135, 136), and in urinary samples with kidney disease progression (CKD) 
(137). In the clinical emergency setting, elevated levels of Cystatin C and 
NGAL have been shown to predict AKI before it occurs (138-140) but 
warrants further investigation before it can be used routinely. Thus, further 
investigation into biomarkers for kidney fibrosis and maladaptive repair is 
needed to initiate appropriate management in patients at risk.  
 
Other methods of assessment of fibrosis such as transient elastography as 
well as magnetic resonance imaging could also be explored (40, 141) in order 
to identify kidney fibrosis.  
 
Another important aspect is the increasing awareness of the role of the 
systemic inflammatory response, specifically on the cellular and metabolic 
level, that drives further disease progression in decompensated cirrhosis. The 
impact on the kidneys in this setting is still not clear, as most studies so far 
are performed on patients with sepsis. Also, the gut-kidney axis has been 
suggested to play an important role in the pathophysiology of CKD and 
severe CKD outcomes (142). Therefore, this aspect should also be explored 
in advanced liver disease.  
 
In the perspective of liver transplantation, it is still not known to what extent 
kidney dysfunction is reversible post-LT. Though, it has been shown that 
patient survival and renal recovery is worse in patients with ATN compared 
to patients with HRS at 1- and 5-years post-LT (143). Currently, the 
consensus recommendations for when to consider a combined liver-kidney 
transplantation or a liver transplantation alone differs between Europe and the 
United States. Both recommendations consider the duration of AKI, the need 
for renal replacement therapy as well as evident CKD. However, none of 
them take into account other risk factors such as etiology of AKI, age, and 
comorbidities (43, 45). Also, the relative risk contributions of other factors 
such as perioperative management can be important. Therefore, the 
application of protocols to prevent AKI and protect the renal function (144) 
should be further explored in patients undergoing liver transplantation (104).  
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