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Chapter 11 

General discussion and summary 
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The objective of this thesis was to investigate definitions, prognostic indicators and their 

association with adverse events, mainly mortality for acute liver failure (ALF), acute-on-

chronic liver failure (ACLF) and acute kidney injury (AKI).  

 
Part one - Severe liver failure 

The first part of the thesis was concerned with ALF and ACLF and had three aims. These are 

described below along with their associated main findings. 

 
Aim 1) Investigating definitions, prognostic indicators and models and their association with 

morbidity and mortality. 

 This aim relates to the studies described in chapters 1-5. In chapter 2 we 

investigated the explicitness and extent of variability in the used ALF definitions in the ALF 

prognostic literature and we presented a comprehensive overview of ALF definitions. In 103 

studied articles we found 41 different ALF definitions. We distinguished 4 components 

accounting for those differences: presence and/or grading of hepatic encephalopathy (HE); 

the interval between onset of disease and occurrence of HE (varying between 2 and 26 

weeks); presence of coagulopathy (operationalized by prothrombin time, International 

Normalized Ratio (INR) or both) and presence of pre-existing liver disease. In chapter 3 we 

presented the results of a literature study on prognostic indicators in terms of mortality and 

morbidity used worldwide to predict outcome in patients with ALF. We provided a unique 

inventory of used indicators and evaluated their predictive value. From 103 included studies 

we extracted 234 indicators and categorized them into 8 categories: general markers (n=24), 

bio-markers (n=111), hemodynamics (n=11), liver function tests (n=5), imaging/morphology 

(n=11), scoring systems (n=38), time intervals (n=16), and treatments (n=18). The most 

frequently reported indicators were: coagulopathy, bilirubin, age and hepatic encephalopathy. 

In chapter 4 we presented the results of a literature study on prognostic models of 

mortality for ALF patients. Here we assessed the quality of the models and the studies using 

an existing framework for scoring the methodological and reporting quality of prognostic 

models. We included 20 studies reporting on 46 models. 18 studies proposed 26 new 

models, 1 study reported a modification of the Kings College Criteria (KCC) and 1 of the 

MELD score. Models were developed to predict mortality (11 studies), survival (3 studies), 

need for transplantation (2 studies) and the combined outcome of death or transplantation (4 

studies). In the 12-point methodological quality score, only one study scored full points. On 

the 38-point reporting score, no study scored full points. In general there was a lack of 

reporting on missing values and on performance measures for calibration, accuracy and 

discrimination (none of the studies used e.g. Hosmer-Lemeshow statistics or Brier score and 

only 5 studies used AUC (Area Under the Receiver Operating Characteristic (ROC) curve)). 
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We also showed that study quality improved in the last years (the reporting score rose with 

publication year). In chapter 5 we reviewed literature on prediction of mortality in patients 

with ACLF. We extracted definitions of ACLF, identified and summarized prognostic 

indicators and evaluated their predictive value. In 19 included studies we found 13 different 

definitions of ACLF. The differences were related to acute deterioration in liver function, 

coagulopathy and hyperbilirubinaemia (or jaundice) (with or without threshold), as well as the 

presence and grading of hepatic encephalopathy, ascites, hepatorenal syndrome, 

hemorrhage and multi-organ failure. We extracted 73 prognostic indicators and categorized 

them into seven categories: general markers (n = 13), viral markers (n = 6), bio-markers (n = 

22), hemodynamics (n = 1), morphology/histology (n = 17), scoring systems (n = 10) and 

treatments (n = 4).  

 
Aim 2) Investigating the incorporation of dynamics over time into predictive models.  

 Chapter 6 addressed this aim. Here we presented methods for incorporation of 

dynamics over time into a predictive model. We captured the dynamics by different methods 

for abstracting repeated measurements and used these abstractions as predictors in a time-

to-event prediction model. Then we investigated how the predictive performance of models is 

influenced by using different abstraction method. We used data from 32 rats. We proposed 6 

different abstraction types to quantify change in repeated measurements (two slope-based, 

mean, median, variance, and mean absolute change per time-unit (MAC)) and used the 

obtained abstractions as candidate covariates in a Cox regression model. The abstractions 

were calculated for 3, 6, 9 and 12 hours. The analysis resulted in 24 models. We performed 

multivariate analysis first including all variables and then performed variable backward 

selection with the Akaike’s information criterion (AIC). Predictive performance was measured 

by the C-index. Only the MAC-based models showed a monotonous increase in the C-

indexes when more time was used before fitting the model. Those models also had the best 

AIC for each time point. Comparison of the performances of the models using various 

abstractions showed no statistically significant differences, probably due to small sample 

size. We conclude that MAC-based abstractions seem to be promising also in terms of 

consistently providing better performance as time proceeds and that it (and other 

abstractions) should be tested in larger datasets. 

 
Aim 3) Developing a novel method for non-invasive identification of ALF based on electronic 

nose (e-Nose) technology. 

 This aim was addressed by the study presented in chapter 7.  Here we introduced a 

new non-invasive method for detection of ALF. We used electronic nose (e-Nose) to capture 

breath traces of 14 rats and performed exhaled breath analysis. We hypothesized that ALF 
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corresponds to a distinguishable “breath print” derived from principal components analysis of 

e-Nose sensor data and that e-Nose is able to detect ALF from other conditions. We used 

animal model of ALF (surgically induced complete liver ischemia) in which each rat was its 

own control. Gas chromatography-mass spectrometry (GC-MS) of exhaled air was used to 

explore which volatile organic compounds (VOCs) might contribute to the ALF breath prints. 

We showed that the e-Nose can discriminate exhaled breath of control rats from rats 

developing ALF, indicating that the composition of exhaled VOCs is different in healthy and 

cases with ALF. Internal leave-one-out validation showed that the e-Nose-based approach 

has excellent classification accuracy. The e-Nose had high classification accuracy already 

within 3 hours after induction of complete liver ischemia. Using exhaled CO2, gauged by an 

external sensor, allowed for achievement of high classification accuracy even earlier: already 

within 2 hours. GC-MS identified 2-butanol, 2-butanone, 2-pentanone and 1-propanol as 

most elevated in the ALF stage.  

 

General discussion and future recommendations 

 Severe liver failure comprising acute liver failure (ALF) and acute-on-chronic liver 

failure (ACLF) is associated with subsequent multi-organ dysfunction and in consequence in 

more than 80% 1, 2 leads to death. Due to its complexity it remains one of the most 

challenging management problems in clinical medicine and requires very close co-operation 

between the intensivist, the hepatologist, the neurologist and the surgeon 3. 

 ALF is being extensively studied; however, as we showed in chapter 2, there is 

great ambiguity and variability in the ALF definitions in the prognostic literature, which 

hampers comparability among studies. In chapter 2 we presented a proposal for a draft 

definition of ALF, such as: absence of underlying liver disease of any sort, presence of 

hepatic encephalopathy of any grade, occurring within 8 weeks after onset of jaundice 

(defined as plasma bilirubin > 50µM) together with presence of coagulopathy, defined by INR 

(≥1.5). The exact implications of the differences in ALF definitions on performance of 

prognostic markers are unknown yet. Despite worldwide research, the outcome in ALF 

remains hard to predict and decision making in regard to the further management is difficult. 

In chapters 3 and chapter 4 we investigated prognostic indicators and models for ALF 

outcome and we found large heterogeneity in prognostic indicators of ALF, methods of 

measurement, complexity of calculation and threshold values. In chapter 3 we proposed 

variables that should be included during development of prognostic models, namely: 

variables involved in the pathophysiology of ALF, as well as age and grade of HE. The 

following variables might be considered: plasma ammonia, which contributes to the 

development of HE; plasma bilirubin, coagulopathy, some aspect of impaired capacity of the 
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ALF patient to maintain metabolic homeostasis such as plasma lactate and the biomarkers of 

the inflammatory response of ALF e.g. plasma ratio of IL6/IL10. Future studies on prognostic 

models could be improved by paying more attention to explicit considerations for selecting 

predictors, the use of a more extensive set of reference models, inclusion of continuous 

variables without categorizing them, better consideration of the transplantation patient group, 

reporting on handling of missing data, performance measures, such as calibration, use of 

absolute risk measures, validation, as well as clear reporting on the study design. In chapter 

4 we provided recommendations for the development of improved prediction models for ALF 

outcome in future research. There is still a clear need to define the best combination of 

prognostic indicators for ALF, which should be tested in a large prospective study of ALF 

patients with different etiologies.  

The results from the studies in chapters 1-4 may be useful as a starting point to create a 

uniform ALF definition and to develop a good quality prognostic index of clinical importance. 

 ACLF is a devastating syndrome being described as a distinct clinical entity. 

Although ACLF is being increasingly recognised, consensus guidelines on its definition, 

diagnosis, and management have not yet been obtained 4, 5. It is mostly because of the 

heterogeneity in the presenting complaints caused by two simultaneously operating insults to 

the liver: a chronic and an acute one 4, 6. In chapter 5 we showed that there is ambiguity and 

variability in both definitions of ACLF and predictive indicators of poor outcome, which also 

hampers comparability among studies. Hence, the need for a single uniform definition of 

ACLF remains 5. We proposed promising candidate predictors for evaluation in future 

studies, such as: age, hepatic encephalopathy, the MELD (Model for End-Stage Liver 

Disease) score, total bilirubin, and INR (prothrombin time). This study comprised an 

extensive list of indicators, which can be useful as a starting point in developing a standard 

list of indicators or a prognostic model for clinical outcome in ACLF. Prospective studies are 

necessary for the development of a well performing and generally accepted prognostic 

indices for ACLF.  

  In the last years exhaled breath analysis has shown promising results in disease 

recognition 7. Electronic-nose (e-Nose) applications have accelerated at a phenomenal rate 

in the biomedical field since its introduction in the early 1980s 7 but it has never been used in 

ALF. We showed in chapter 7 that ALF in rats can be detected by e-Nose data analysis of 

the exhaled breath. Application of e-Nose technology in ALF could be an important step 

forward in ALF research. Future work could aim at the development of medical e-Noses 

specific for ALF. Confirmation of our results in a clinical study will be an important step 

forward in the diagnosis of ALF. The results of this study raise expectations for e-Nose as a 

new tool for non-invasive diagnosis of ALF in humans. 
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 Sever liver failure, both ALF and ACLF, remain rare disease and future work should 

involve co-operation of research groups in order to find homogenous definitions. It is likely 

that development of new definitions will involve an exploration of new (bio-)markers. 

Collaboration of research groups is necessary to gather sufficient data for the development of 

prognostic indices, which should be further validated in multicenter studies. 

 

Part two - Acute kidney injury 

The second part of the thesis was concerned AKI and had two aims, which are described 

below along with their associated main findings. 

 
Aim 1) Investigating the impact of definitions on incidence, time to diagnosis, severity of AKI, 

and mortality. 

 This aim was addressed in chapter 8. In this study we assessed the effects of 

discarding urine output criteria from the consensus-based classification system (RIFLE). We 

included 260 critically ill patients in this study. During the first week of ICU stay patients were 

scored daily for AKI according to RIFLE criteria with (RIFLESCr+UO) and without urine output 

(RIFLESCr). We showed that discarding the urine output criteria delayed the diagnosis of AKI, 

underscored the incidence of AKI, underscored severity and was associated with higher 

mortality. These results were statistically significant. 

 
Aim 2) Assessing the predictive performance of alternative bio-markers.  

 This aim was addressed by the studies included in chapter 9 and chapter 10. We 

investigated potential AKI bio-makers, such as Cystatin C (CysC) (in chapter 9) and fractional 

urea excretion (FeU) (in chapter 10). For this purpose we performed secondary analyses of a 

multicentre prospective observational cohort study on biological markers for AKI in severely 

ill ICU–patients. We included 151 patients. In chapter 9 we showed that not using the RIFLE 

urine output criteria increased the predictive performance of serum CysC at two and one day 

prior to AKI and of urine CysC one day prior to AKI, however, likely because of the small 

sample size in our study, these increases were not statistically significant. Here we also 

showed that ignoring the RIFLE urine output criteria significantly underscores the incidence 

of AKI and delays the diagnosis of AKI compared to the original RIFLE definition, which are 

in accordance to the results of chapter 8. In chapter 10 we showed that diagnostic 

performance of FeU to predict AKI (diagnosed AKI according to RIFLE staging) one and two 

days prior to AKI was poor. Patients were classified as having AKI that resolved within 3 days 

(transient (T–)) and lasting for more than 3 days (persistent (P–)). Type of AKI was 

significantly associated with mortality. We showed that diagnostic performance of FeU to 

discriminate T–AKI from P–AKI on the day of AKI was poor.  
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General discussion and future recommendations 

 Acute kidney injury (AKI) has emerged as a major public health problem that affects 

millions of patients worldwide and is associated with increase in morbidity, mortality and 

length of ICU stay 8. AKI remains challenging for critical care medicine regardless of 

aetiology and setting 9. Many different definitions have been used over the last decades to 

define AKI 10. The Acute Dialysis Quality Initiative (ADQI) group provided in 2004 

recommendations for consensus definition/classification of AKI called RIFLE (Risk, Injury, 

Failure, Loss and End Stage) 11. This however did not standardize the studies on AKI. In the 

literature at least two RIFLE methods (with and without urine output criteria) are used. As we 

showed in chapters 8 and 9 discarding the urine criteria has impact on incidence, time of 

diagnosis, and grading of AKI. RIFLE classification of AKI is based on serum creatinine and 

urine output, however predictive performance of those bio-markers has not been satisfactory 
12. Cystatin C (CysC) and fractional excretion of urea (FeU) have been studied as alternative 

bio-markers of AKI. Since we showed in chapter 8 that discarding urine output criteria in 

defining AKI affects the outcomes, we hypothesized further that it also affects the predictive 

performance of CysC in predicting AKI on the two days prior to AKI. The results from chapter 

8 questioned the accuracy of already published retrospective epidemiological studies on AKI. 

Based on our findings from chapters 8 and 9 we conclude that the methods employed for 

estimating AKI in the future studies need to be robustly reported even when the ‘consensus’ 

RIFLE definition is used. The definition of disease and homo/heterogeneity of the patients’ 

population should be considered before assessing the predictive ability of new AKI 

biomarkers. In chapters 9 and 10 we showed that CysC and FeU have poor predictive value 

for AKI. A need for better AKI bio-markers remains. It might be that incorporating new (bio-

)markers into the clinical classification will improve the performance in AKI diagnosis and will 

bring homogeneity in the utilization of the criteria for defining and classifying AKI. 
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