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Abstract 

 

In patients with chronic liver disease protein-energy malnutrition (PEM) is a 

common finding. These patients are predisposed to higher rates of in-hospital 

mortality, hepatic encephalopathy and infectious complications. In cirrhotic patients 

awaiting orthotopic liver transplantation (OLT), a strong correlation is noted 

between worsening PEM and higher post-transplant complications and reduced 

survival. Some gaps in the literature exist with regard to PEM in cirrhosis. This 

thesis aimed to address some of these issues: the prognostic utility of markers of 

PEM; the therapeutic benefit of a specialised immunonutritional supplementation in 

the peri-OLT setting; and whether PEM returns to normal in the long term, following 

successful OLT.  

 

To assist with these aims, accurate assessment of PEM is required. The body 

composition laboratory (BCL) offers state of the art methods to assess nutritional 

status. Dual-energy x-ray absorptiometry (DXA) and in vivo neutron activation 

analysis (INAA) allow for accurate assessment of body weight, fat, protein and water 

content, all of which are deranged in cirrhotic patients.  

 

In a longitudinal analysis of cirrhotic patients’ serum sodium, hydration state and 

resting energy expenditure (REE) independently predicted transplant-free survival 

(TFS) when compared to the Child-Pugh and MELD scores, which are the 

established prognostic tools in liver cirrhosis. Impact® (Nestle), a form of 

immunonutrition (IN) containing -3 fatty acids, arginine and nucleotides, was 

provided to cirrhotic patients awaiting liver transplantation in a double-blind 
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randomised controlled trial (RCT). When compared to an isocaloric isonitrogenous 

control feed, pre-OLT body protein gain, post-OLT body composition changes and 

clinical outcomes were similar. A sub-group of patients also underwent whole-body 

protein turnover measurements to establish any underlying mechanism of action for 

IN. Patients were catabolic, which did not improve significantly after fourteen days 

of IN. Finally, in a cohort of patients followed for three or more years after OLT, 

body composition had returned to normal, although quality of life (QOL) was 

reduced when compared to the normal population. 

 

In conclusion, the studies from this thesis have shown serum sodium, hydration and 

REE to be significant predictors of TFS in cirrhotic patients. IN was not superior to 

an iso-caloric iso-nitrogenous control feed in the peri-OLT setting, and long-term 

survivors after OLT were restored to normal nutritional status.   
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Chapter 1. Introduction 

 

This thesis investigates the relationship between liver disease and malnutrition. 

Malnutrition is a consequence of advanced liver disease, and this thesis investigates 

its effect on prognosis and examines a nutritional intervention designed to improve 

the outcome following orthotopic liver transplantation (OLT). Chapter 1 introduces 

the backdrop for these investigations. 

 

1.1. The liver in health and disease 

1.1.1. Normal functions of the liver 

 

The adult liver is the largest internal organ (1.4–1.6kg) in the human body. It is an 

essential organ and its roles include substrate energy metabolism, synthesises of 

essential plasma proteins, and detoxification and excretion of exogenous and 

endogenous substances (see Figure 1.1).  
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Figure 1.1. Functions of the adult liver 

 

1.1.2. Liver cirrhosis 

 

The word ‘cirrhosis’ is derived from the Greek word for ‘tawny’, the orange-yellow 

colour of the diseased liver. It was first described by Laennec, the French physician 

famous for inventing the stethoscope (Roguin, 2006). Cirrhosis is the histological 

consequence of chronic injury and inflammation resulting in diffuse fibrosis that is 

characterised by nodules surrounded by collagen bands (see Figure 1.2). Liver 

stellate cells are activated to produce collagen and expand the extracellular matrix. 

The reduced liver mass results in impaired hepatocellular function and the distorted 

architecture of the liver leads to increased mechanical resistance to normal blood 

flow through the liver. Decompensated liver disease has many manifestations and is 

fatal unless treated. Once decompensation occurs, OLT is often the only effective 

treatment. 
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Figure 1.2. Cirrhosis of the liver 

 

1.1.2.1. Epidemiology 

 

In New Zealand, the most common aetiology of cirrhosis is chronic hepatitis B 

(HBV) infection, followed by hepatitis C (HCV) (28%), ethanol (ETOH) (12%), 

cholestatic liver disease (18%), primary biliary cirrhosis (PBC) and primary 

sclerosing cholangitis (PSC). Non-alcoholic steatohepatitis (NASH) is becoming 

more prevalent because it is associated with obesity and type II diabetes. Other 

causes include autoimmune liver disease, metabolic diseases (such as alpha-1 

antitrypsin deficiency, haemochromatosis and Wilson’s disease), sarcoidosis, cystic 

fibrosis, biliary atresia and Budd-Chiari syndrome.  

 

Cirrhosis is the tenth leading cause of all mortality in the United States (US), with 

approximately 26,000 people dying from its complications (Anderson & Smith, 

2003). Once diagnosed, the long-term prognosis for patients with cirrhosis is poor. 
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For 66% of viral related cirrhosis cases and 34% of ETOH related cirrhosis cases, 

there is a ten-year survival rate (Sorensen et al., 2003). There is a twelve-fold 

increased risk of death from all causes (Sorensen et al., 2003). The direct cost of 

cirrhosis to the American economy is estimated at $1.5 billion per year. In Australian 

and New Zealand men, the overall mortality rate from cirrhosis fell by 50% between 

1982 and 1992 and a further 30% between 1992 and 2002 to three in 100,000, which 

is commensurate with other developed countries and relates to the overall reduction 

in per capita ETOH consumption (Bosetti et al., 2007). Nevertheless, cirrhosis will 

continue to be a major cause of morbidity and mortality worldwide because of the 

high prevalence of HBV (Asia-Pacific and Sub-Saharan Africa) and HCV 

(worldwide). 

 

It is estimated that one third of the world’s population has had contact with HBV and 

350,000,000 people have chronic HBV (de Franchis et al., 2003). Primary liver 

cancer, hepato-cellular carcinoma (HCC), is the sixth most common type of cancer 

globally, with over 50% of cases caused by chronic HBV (Parkin et al., 2001). In 

sub-Saharan Africa and parts of South-East Asia, chronic HBV is prevalent in 8% of 

the population. This figure is less than 1% in most developed countries (de Franchis 

et al., 2003). In New Zealand, HBV is endemic in one third of its population (Asian, 

Pacific Island and Maori) with prevalence rates up to 8.1% (Gane, 2005). The 

prevalence of HCV across the world is 3%; in industrialised countries it accounts for 

up to 40% of cirrhosis . The incidence of new infections is reducing worldwide due 

to the absolute reductions in transmission by blood products in medical settings 

(1999). In New Zealand, the prevalence of HCV is likely to increase over the next 

decade because of the high rates of injecting drug use (Weir et al., 2002).  
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1.1.2.2. Complications 

 

The common complications of cirrhosis can be divided into three categories: those 

resulting from portal hypertension (PH), hepatocyte loss and others (see Table 1.1). 

 

Table 1.1. Complications of liver cirrhosis 

Complications of Cirrhosis 

Secondary to Portal Hypertension 

Ascites 

Spontaneous Bacterial Peritonitis 

Varices 

Secondary to hepatocyte loss 

Coagulopathy 

Liver synthetic failure 

Hepatic encephalopathy 

Protein calorie malnutrition 

Others 

Hepatorenal Syndrome, Hepato-pulmonary Syndrome, 

Porto-pulmonary hypertension 

Hepatocellular Carcinoma 

 

PH refers to an elevated hepatic venous pressure gradient (HVPG) >5mmHg and can 

occur in up to 60% of patients with cirrhosis (Bacon, 2008). The increased hepatic 

resistance to blood flow is caused by architectural disruption combined with 

intrahepatic vasoconstriction and vasodilatation in the splanchic vascular bed with 

increased splanchnic blood flow (Bataller et al., 2000; Bataller et al., 2003). 

Endothelial cell dysfunction in the hepatic circulation is mediated by decreased nitric 

oxide (NO) production; further, NO is also consumed secondary to the oxidative 

stress of cirrhosis (Loureiro-Silva et al., 2006). In the systemic circulation, increased 

NO production stimulates arterial and splanchnic vasodilatation (Pizcueta et al., 

1992; Iwakiri & Groszmann, 2006). This results in relative hypovolaemia, which in 
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turn causes renal vasoconstriction and activation of the renin-angiotensin pathway, 

and sodium and water retention. The increase in portal blood flow is diverted 

through various porto-systemic collaterals, leading to the development of intra-

abdominal varices. Varices most commonly occur at the gastro-oesophageal junction 

followed by the gastric fundus and anorectal porto-systemic venous watersheds. 

Bleeding is the main complication from varices. Approximately 30% of initial 

bleeding episodes are fatal and up to 70% of patients will have recurrent bleeds. 

Long-term survival for patients who bleed from varices is poor, although this 

depends on the severity of the underlying liver disease (Sharara & Rockey, 2001).  

 

Ascites is a common manifestation of cirrhosis. The pathophysiology of ascites 

includes splanchnic arteriolar vasodilatation, reduced renal blood flow and activation 

of the renin-angiotensin pathway, resulting in sodium and fluid retention (Gines et 

al., 2004). The effective reduction in blood volume is initially compensated by the 

increased cardiac output. However, as the disease progresses, systemic hypotension 

will ensue. To maintain homeostasis, multiple vasoconstrictor and anti-natriuretic 

hormones are released. Further, intestinal capillary pressure is altered and oncotic 

pressure is reduced, due to hypoalbuminaemia, leading to increased permeability and 

‘leakage’ of fluid within the peritoneal cavity (Gines et al., 2004). In the advanced 

state of the disease, renal excretion of free water is reduced, resulting in dilutional 

hyponatraemia (DH) in combination with renal vasoconstriction (Schrier et al., 

1988). DH results from the release of anti-diuretic hormones in response to the 

perceived hypovolaemia. The prognostic significance of hyponatraemia in patients 

with cirrhosis is explored in more detail in Chapter 3. 
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With cirrhosis, functional renal failure, also known as hepatorenal syndrome (HRS), 

can occur in response to the profound renal vasoconstriction that results from 

reduced systemic vascular resistance and relative hypovolaemia. Two clinical 

entities exist that may affect up to 10% of patients with advanced cirrhosis (Arroyo 

et al., 1996). HRS Type 1 is characterised by progressive and rapid renal 

impairment; the serum creatinine may double within a two-week period (Gines et al., 

2004). The median time of survival without treatment is only one month (Gines et 

al., 2004). Type 1 HRS is often precipitated by an acute event such as spontaneous 

bacterial peritonitis (SBP) (Follo et al., 1994). SBP is defined as a bacterial infection 

of ascitic fluid in the absence of other intra-abdominal infections. The prevalence of 

SBP is between 10–30% in patients with ascites (Rimola et al., 2000). When SBP 

occurs and leads to Type 1 HRS, the mortality rate can approximate 30% (Follo et 

al., 1994). Patients with HRS Type 2 have a stable or slowly progressive impairment 

in renal function and may develop refractory ascites.  

 

In the presence of hepatic failure, alteration in mental status and cognitive function is 

referred to as hepatic encephalopathy. Gut derived toxins including ammonia, 

neurotransmitters and mercaptans enter the systemic circulation because of a reduced 

hepatic mass and porto-systemic shunting. Manifestations range from inversion of 

sleep patterns and confusion, through to somnolence and coma.  

 

One of the most sinister consequences of cirrhosis is the development of HCC. HCC 

is responsible for almost 50% of deaths from cirrhosis. The five-year survival rate of 

all liver cancer patients in the US is only 8.9% (Farazi & DePinho, 2006). The 
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survival of patients who develop HCC is related to both the cancer stage and the 

severity of underlying liver disease. 

 

1.1.2.3. Nutritional consequences in cirrhosis 

 

Nutritional status has long been recognised as an important prognostic factor for 

cirrhosis. Malnutrition was part of the original Child-Turcotte score (Child & 

Turcotte, 1964). Protein-energy malnutrition (PEM) occurs in up to 80% of patients 

with cirrhosis and the prevalence may be as high as 100% in OLT candidates 

(DiCecco et al., 1989; Kalaitzakis et al., 2006). A large multi-centre study of >1,000, 

patients with cirrhosis reported a 30% prevalence of severe malnutrition, as 

estimated by skin anthropometry, clinical history and examination (1994). Others 

have estimated a prevalence of 25% in patients with well-compensated cirrhosis 

(Child-Pugh Score [CPS] A) (Guglielmi et al., 2005). 

 

The prevalence of malnutrition has been estimated by the body composition 

laboratory (BCL), in the Department of Surgery, University of Auckland, utilising 

the sophisticated body composition tools described in Chapter 2 (Peng et al., 2007). 

Malnutrition was defined as possessing a total body protein (TBP) less than 82% of 

that predicted from a healthy reference population, matching for age, sex, height and 

pre-illness weight; i.e., TBP/TBPpredicted, also referred to as the protein index (PI), 

is less than 0.82. The 0.82 threshold is two standard deviations below the mean PI 

(unity) for the reference population. Figure 1.3 illustrates that 51% of a cohort of 268 

patients with cirrhosis had a PI <0.82 (Peng et al., 2007).  
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Figure 1.3. Prevalence of malnutrition (Protein Index <0.82) in cirrhotic 

patients and normal volunteers; adapted from Peng et al. (2007) 

 

Further, the mean PI was significantly lower in CPS C patients compared to CPS B 

(P=0.0002) and CPS A (P<0.0001) patients. Thus, malnutrition worsened with the 

severity of the disease; 72% of patients with CPS C compared to 43% of patients 

with CPS B and 42% with CPS A (P<0.0001). Protein depletion was also more 

prevalent in men compared to women (see Figure 1.4) (Peng et al., 2007). 
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Figure 1.4. Mean protein index in cirrhotic patients according to CPS and 

gender (dark bars = women); adapted from Peng et al. (2007) 

 

The clinical relevance of malnutrition has been highlighted in many studies. In a 

cohort of cirrhotic patients, malnutrition, measured by a questionnaire, independently 

predicted survival when compared to CPS and model for end-stage liver disease 

(MELD) score (Gunsar et al., 2006). A similar study using skin anthropometry 

demonstrated that patients with moderate or severe malnutrition had lower survival 

rates (Alberino et al., 2001). Hospitalised cirrhotic patients below the fifth percentile 

for skin anthropometry demonstrated worse survival rates at six, twelve and 24-

month intervals, as well as reduced immune-competence (Caregaro et al., 1996). 

Cirrhotic patients that were malnourished experienced higher rates of common 

complications, including hepatic encephalopathy, infections and bleeding from 

varices (Moller et al., 1994; Pikul et al., 1994). The rates of refractory ascites were 

twice as high in patients with malnutrition (Lautz et al., 1992). 
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In OLT candidates with decompensated cirrhosis, malnutrition prior to surgery 

contributed to a higher risk of post-OLT complications, including infection, variceal 

bleeding, higher intra-operative blood product requirement, longer ventilation times 

in intensive care (ICU), increased length of stay (LOS), and a higher incidence of 

graft rejection (DiCecco et al., 1989; Moller et al., 1994; Pikul et al., 1994; Harrison 

et al., 1997; Figueiredo et al., 2000; Stephenson et al., 2001). Importantly, pre-OLT 

malnutrition was associated with decreased survival in the post-OLT period 

(DiCecco et al., 1989; Muller et al., 1992; Selberg et al., 1997).  

 

The aetiology of malnutrition in cirrhosis is multifactorial. Extrinsic causes relate to 

body systems that may influence the nutritional state and intrinsic causes are related 

to the liver’s dysfunctional intrinsic metabolic pathways (see Table 1.2).  

 

Table 1.2. Aetiology of malnutrition in cirrhosis 

Aetiology of malnutrition in cirrhosis 

Extrinsic Causes 

 Reduced oral intake  

 Early satiety 

 Malabsorption syndromes 

 Hypermetabolism 

Intrinsic/Metabolic Causes  

 Altered substrate metabolism 

 Anabolic hormone resistance 

 

Reduced oral intake may be caused by impaired gustatory function with reduced 

thresholds for taste (Madden et al., 1997), sodium and protein dietary restrictions 

placed on patients with ascites and generalised tiredness, fatigue and encephalopathy 

(Henkel & Buchman, 2006). Early satiety may ensue, secondary to raised leptin 

levels (Testa et al., 2000) or from mechanical obstruction caused by ascites (Henkel 

& Buchman, 2006). Cirrhotic patients suffer from malabsorption, which may result 



 

12 

 

from a reduction in the bile salt pool (fat malabsorption) (Vlahcevic et al., 1971), 

bacterial overgrowth syndrome, secondary to small bowel dysmotility (Gunnarsdottir 

et al., 2003), or drug induced causes (neomycin) (Thompson et al., 1971). 

 

Another possible cause for muscle wasting associated with cirrhosis may be 

hypermetabolism. The resting energy expenditure (REE) is the sum of the metabolic 

rates of individual organs and tissues (McClave & Snider, 2001). The largest 

contribution to REE comes from the four main organs, the liver, brain, heart and 

kidneys, although they contribute only 7% of body weight (McClave & Snider, 

2001). Hypermetabolism, defined as raised REE, >120% of normal, has been 

observed in up to 33% of patients with cirrhosis (Muller et al., 1999). There does not 

appear to be an association between raised REE and clinical or biochemical markers 

of liver disease (Muller et al., 1999). Thus, it is assumed an extrahepatic 

manifestation of cirrhosis.  

 

Intrinsic causes of malnutrition may result from altered substrate metabolism. 

Following an overnight fast, cirrhotic patients were found to switch over to 

‘starvation metabolism’ much more quickly than healthy controls (Owen et al., 

1983). It has been postulated that glycogenesis is inadequate in cirrhotic patients 

with early switching to gluconeogenesis and preferential use of fatty acids (FAs) for 

immediate energy (Donaghy, 2002). Further, hyperinsulinaemia and insulin 

resistance are also prevalent in cirrhotic individuals (Matos et al., 2002).  

 

Altered substrate metabolism appears to be a cause rather than an effect of PEM. 

Patients with compensated cirrhosis underwent measurements of REE, glucose 
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uptake and oxidation rates and these results were then compared to matched controls 

(Greco et al., 1998). The patient group was hypermetabolic and insulin resistant, 

with greater lipid oxidation rates, but there was no clinical evidence of malnutrition 

(Greco et al., 1998). This result was reinforced by a study of OLT candidates that 

demonstrated a mean respiratory quotient (RQ) of 0.78, suggesting reduced glucose 

and increased lipid oxidation rates. Nutritional assessment in these patients 

suggested a normal nutritional state (Scolapio et al., 2000).  

 

With cirrhosis, altered protein metabolism leads to reduced muscle mass and reduced 

TBP, which may suggest resistance to the anabolic hormones insulin and growth 

hormone (GH). Higher circulating levels of counter-regulatory cortisol and glucagon 

are also implicated (Donaghy, 2002). GH drives protein synthesis and reduces 

proteolysis; its main effects are mediated by IGF-1 (Insulin-like growth factor-1). 

During disease, there are reduced circulating levels of both IGF-1 and its main 

binding protein (IGFBP3), despite raised GH levels, suggesting GH resistance. In 

fact, disruption to the GH:IGF axis may be a marker of nutritional status (Aibara et 

al., 2001). The liver has an important role to play in this axis as it produces the 

majority of IGF-1 and the various binding proteins. Further, GH resistance may 

cause a shift towards the direct actions of GH, which are lipolysis and insulin 

antagonism (Donaghy, 2002). There are higher protein requirements in stable 

cirrhotic patients and approximately 1.2 g/kg/day is recommended (Kondrup, 2006). 

Provision of exogenous GH can lead to increased levels of IGF-1 and IGFBP-3, 

which may lead to a positive nitrogen balance (Donaghy et al., 1997). 
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1.2. Prognostic scores in cirrhosis 

 

For chronic diseases such as cirrhosis, one of the challenges is to establish tools that 

reliably predict outcome. The ideal tool would provide a single score from a group of 

easily measured and reproducible variables that correlate with the progression of the 

disease. With regard to cirrhosis, two empirical scores are in common use: CPS and 

MELD score. The CPS was constructed empirically from variables that were 

believed to predict outcome from clinical experience; the MELD score utilises 

variables that have been shown statistically to predict outcome using multivariate 

analysis. The typical outcome for such models is survival. Both the CPS and MELD 

scores can be used to: assist treatment decision-making in cirrhotic patients; assess 

the probability of survival following liver resection, porto-systemic shunt procedures 

and trans-arterial chemo-embolisation; and to determine priority in liver allocation 

for transplantation (Durand & Valla, 2005). The strengths and weakness of the CPS 

and MELD systems, with respect to prognosis in patients with liver cirrhosis, is 

discussed in the introduction to Chapter 3, which examines whether the addition of 

nutritional and metabolic measurements have prognostic power that is independent 

of CPS and MELD. 

 

1.3. Assessing nutrition and metabolism 

1.3.1. Body composition analysis 

 

An understanding of human body composition is essential prior to understanding the 

various tools available to assess nutritional status. In health and in illness, body 

weight can be modified by both anabolic and catabolic pathways. In this regard, 
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body weight has been used as a marker of nutritional status for many years (Studley, 

1936). More recently, it has been accepted that body weight fluctuations accompany 

various disease processes and reflect gains and losses in the hydration state, body fat 

and muscle. Therefore, longitudinal measurements of body weight in patients with 

chronic disease do not accurately reflect the underlying nutritional status; individual 

measurements of body compartments are more useful. Ideally, a method to measure 

these body compartments should be applicable to all pathology types in all varieties 

of patients, should be precise, easily reproduced, observer independent, and have a 

low cost and degree of invasiveness so that it may be usable at the bedside (Pichard 

et al., 2000). At present, no method exists that fulfils all of these aims. 

 

Body composition can be understood in simple two compartment (fat or fat-free 

mass [FFM]) or complicated multi-compartment models: atomic, molecular, cellular 

and tissue (Wang et al., 1992). Figure 1.5 illustrates the levels of human body 

composition and their components.  
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Figure 1.5. The five levels of human body composition; adapted from Wang et 

al. (1992). ECF, extracellular fluid; ECS, extracellular solids 

 

Typically, body composition methods aim to measure components of the molecular 

model. The components of this model include total body water (TBW, including 

extracellular water [ECW] and intracellular water [ICW]), lipids, including the most 

abundant form, triglycerides, as well as phospholipids, steroids, fatty acids and 

terpenes, making up the total body fat (TBF) compartment. The components also 

include TBP, encompassing all the nitrogenous compounds. The ‘other’ category 

contains glycogen (glucose storage molecules of the liver and muscles) and minerals, 

comprising osseus (phosphorus and calcium), often referred to as ‘bone ash’, and 

non-osseus elements (potassium, sodium and chlorine) (Wang et al., 1992). The 

standard reference weight for these components, except for glycogen, comes from 

the reference man of 70kg (Snyder et al., 1984). TBW is 42L or 60% of body weight, 

lipid is 13.5kg or 19.1%, TBP is 10.6kg or 15% and mineral is 3.7kg or 5.3% 

(Snyder et al., 1984). Typically, the glycogen compartment is approximately 400gm 

(Wang et al., 1992). This molecular model forms the basis for the research 

performed in catabolic illness referred to in this thesis (Hill, 1992).  
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The cellular model can be used in studies pertaining to malnutrition. The Body Cell 

Mass (BCM) refers to all cellular elements within the body. This mass constitutes 

the metabolically active tissue within the body. Loss of BCM is characteristic of 

body wasting and occurs in many chronic diseases such as AIDS, terminal cancer 

and cirrhosis (Jensen, 1992). BCM consists of muscle, bone and organ tissue, and 

ICW. In well-nourished individuals, muscle accounts for 60% of the BCM, organ 

tissue 20% and the remaining 20% consists of red cells and tissue cells. The BCM 

contains the majority of the body's potassium (98–99%). 

 

Accurate measurement of these body components are limited to specialised research 

facilities. Body composition analysis may utilise tools such as dual-energy x-ray 

absorptiometry (DXA) and in vivo neutron activation analysis (IVNAA). DXA can 

measure TBF, bone mineral content or bone ash, and bone mineral density (BMD). It 

has been used as a reference for body fat measurements by skin anthropometry in 

cirrhotic patients (Fiore et al., 1999). Further, DXA TBF measurements have been 

shown to be essentially unaffected by changes in hydration status and water 

distribution in cirrhotic patients before and after paracentesis (Haderslev et al., 

1999). IVNAA is used to measure total body nitrogen (TBN) and then TBP (Mitra et 

al., 1993). As mentioned earlier, a reduction in the PI to <0.82, corresponds with 

protein depletion and malnutrition (Plank et al., 2001; Klein & Andersen, 2005). 

A technique that can be used at the bedside is bioelectrical impedance analysis 

(BIA). BIA has been used to measure TBW, TBF and BCM. However, its accuracy 

has been questioned with regard to cirrhotic patients, as its results can be affected by 

oedema and ascites (Schloerb et al., 1996). The accuracy with which it can estimate 



 

18 

 

body water compartments in patients with ascites is inferior compared with non-

ascitic patients (Cabre et al., 1995). It can reliably estimate BCM when compared to 

TBK measurements, with some limitations in ascetic patients (Pirlich et al., 2000). 

To avoid issues relating to overhydration, particular BIA measurements, such as 

phase angle (PA), have been used as prognostic indicators in a variety of disease 

processes including cirrhosis (Selberg & Selberg, 2002). The PA is explored in more 

detail in Chapter 3. 

 

1.3.2. Energy expenditure 

 

In patients with chronic disease, unintentional weight loss is considered a worrying 

sign, indicating an imbalance between total energy expenditure and intake. This is 

consistent with the first law of thermodynamics that states energy cannot be created 

or destroyed, only transformed. States of energy imbalance include wasting 

(typically loss of both body fat and FFM), cachexia (typically FFM) and 

hypermetabolism (raised REE compared to the predicted normal). Such weight loss 

states positively predict morbidity and mortality in many chronic illnesses, including 

AIDS and cancer (Kotler et al., 1989; Bossola et al., 2007). Energy intake refers to 

the combined caloric value of ingested nutrients. Total energy expenditure comprises 

REE, thermic energy expended secondary to diet and physical activity energy 

expenditure. Typically, determination of altered energy states in disease relies upon 

measurements of REE from indirect calorimetry (IC) and/or total energy expenditure 

from doubly labelled water, rather than measurements of physical activity energy 

expenditure. Hypermetabolism is usually defined as an REE greater than 20% of the 

predicted normal value. In healthy adults, equations for predicting REE operate 
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within a 4% margin of error (Kulstad & Schoeller, 2007). In patients with disease, 

these margins will increase secondary to changes in body composition, ethnicity, 

changes in mitochondrial uncoupling protein genes, sympathetic nervous system 

activity, and heritable traits (Bogardus et al., 1986; Kimm et al., 2002). 

 

Hypermetabolism has previously been reported in a subset of patients with liver 

cirrhosis, based on measurements of REE (Muller et al., 1994). Hypermetabolism 

may contribute to malnutrition associated with liver disease and enable a subset of 

patients who are at a higher risk of complications to be identified. In a longitudinal 

study of patients with viral cirrhosis, hypermetabolism was associated with reduced 

long-term survival (Tajika et al., 2002). An earlier study
 
(Selberg et al., 1997) of 

clinically stable patients assessed for OLT reported that pre-transplant 

hypermetabolism was associated with reduced post-transplant survival. Both studies 

defined hypermetabolism by comparing the measured REE with that predicted by the 

Harris-Benedict equations (Harris & Benedict, 1919).  

 

While the Harris-Benedict equations are widely used, they are indexed to body 

weight and therefore, their validity in advanced liver disease will be affected by 

overhydration, which characterises this pathophysiologic state (Morgan & Madden, 

1996). These formulae may then underestimate mean REE by up to 13% (Madden & 

Morgan, 1999). Correction to estimated ‘dry’ body weight (Morgan & Madden, 

1996)
 
may circumvent this problem. Several other methods have also been used to 

define hypermetabolism, such as those derived from FFM estimated from BIA 

(Muller et al., 1994). These differing definitions have led to wide variations in the 

reported prevalence of hypermetabolism (Muller et al., 1994; Guglielmi et al., 2005). 
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In health, REE is most closely related to metabolically important compartments of 

the body with 55% of the variation in REE explained by FFM (Nelson et al., 1992). 

 

The ability to measure REE via IC is not time-consuming or labour intensive and is 

advocated as an integral part of the nutritional assessment of cirrhotic patients 

(Madden & Morgan, 1999). IC allows for the calculation of the RQ, which provides 

information regarding the types of fuels consumed, i.e. whether protein, 

carbohydrate or fat predominates. REE and hypermetabolism are discussed in more 

detail in Chapter 3. 

 

1.3.3. Protein turnover 

 

Whole-body protein turnover (WBPT) is a sophisticated technique used in metabolic 

laboratories to describe the regulation of protein metabolism by direct and indirect 

measurements of protein synthesis and breakdown. This method requires the 

continuous infusion of isotopically labelled amino acid tracers, which enrich the 

‘free amino acid’ pool present in plasma that is in direct exchange with TBP. The 

flux, or whole-body turnover rate, is equivalent to the rate of appearance of the tracer 

(Ra) from exogenous sources and the rate of disappearance (Rd), which may 

comprise oxidation to CO2 or synthesis into protein, glycogen or fat at steady state. 

Figure 1.6 shows the model used to represent protein substrate metabolism. 
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Figure 1.6. Basic model for the interpretation of isotope tracer experiments, 

adapted from Garlick et al. (1997) 

 

With constant infusion of the tracer, the increase in isotope enrichment then becomes 

constant at a plateau value (Emax). The time required to reach this state may be 

reduced by providing an initial bolus dose (priming) (Garlick & Cersosimo, 1997). 

Emax can then be used to calculate the WBPT rate according to the equation Ra = Rd 

= i/Emax (Garlick & Cersosimo, 1997).  

 

The tracer most commonly used in these experiments is 
13

C[leucine]. Leucine has no 

endogenous pathway of appearance and is only disposed of via oxidation and protein 

synthesis. Oxidation proceeds via irreversible decarboxylation with the release of 

labelled CO2, which can be measured. One source of error in these measurements is 

that protein synthesis and oxidation utilise leucine more from tissues than plasma. 

Hence, the enrichment of ‘tissue free leucine’ is 20–30% lower than in plasma 

(Garlick & Cersosimo, 1997). A modification of this technique was proposed, 
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involving the measurement of the enrichment of a transamination product of leucine, 

α-keto-isocaproate (α-KIC), instead of leucine. This method better reflects the 

enrichment in the free amino acid pool. Since a limited number of tissues release α-

KIC into plasma at steady state, the enrichment of plasma and intracellular α-KIC 

should be the same (Matthews et al., 1982).  

 

WBPT requires specialised equipment to perform the measurements: a gas 

chromatograph–mass spectrometer (GC-MS) to measure the precursor pool 

enrichment; an isotope ratio mass spectrometer (IRMS) for 
13

CO2 measurement; and 

IC for measurement of CO2 production. In general, studies over the years have 

suggested that WBPT in a healthy 70kg man is 300g/day; protein synthesis is 

increased after ingestion of protein meals with a corresponding reduction in protein 

breakdown leading to net protein gain in the fed state (Wagenmakers, 1999). In the 

fasted state, net protein breakdown of the same amount occurs to ensure protein 

balance (Wagenmakers, 1999).  

 

WBPT has been used in a wide array of hospital patients and normal volunteers 

(Shaw & Wolfe, 1988; Garlick et al., 1989; Wolfe et al., 1989). With cirrhosis, 

studies have suggested that in CPS A/B (compensated disease) deficits exist in 

protein synthesis after ingestion of a mixed protein meal (Tessari et al., 2002). 

Another study did not reveal a difference in protein synthesis and degradation 

between patients and controls but rather reduced leucine oxidation secondary to 

limited substrate availability (Mullen et al., 1986). Millikan et al. demonstrated that a 

diet enriched in leucine led to an increase in leucine oxidation but no change in 

protein synthesis between patients and controls (Millikan et al., 1985). 
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Decompensated cirrhotic patients were more catabolic compared with controls, with 

a non-significant improvement in these rates in those with increased protein and 

energy diets (Dichi et al., 2001). The mechanisms underpinning the reduced protein 

synthesis and increased catabolic states of cirrhotic patients have already been 

mentioned and include resistance to anabolic hormones, low IGF-1, low physical 

activity and impaired substrate utilisation (Tessari, 2003). A more detailed 

description of WBPT and its use in this thesis is provided in Chapter 5. 

 

1.3.4. Nutritional assessment in liver disease 

 

The importance of nutritional assessment has been described by Muller as follows: 

‘because malnutrition is frequent in cirrhosis and significantly affects the prognosis 

of the patients, the assessment of the nutritional and metabolic state is mandatory in 

all patients with liver diseases’ (Muller, 1998). 

 

Important elements of the clinical history include the degree of weight loss, recall of 

pre-illness body weight, detailed dietary history and changes in appetite. The failing 

liver precludes the use of albumin, transferrin or retinol-binding protein as markers 

of malnutrition (Donaghy, 2002). Body weight is affected by the presence of oedema 

and ascites. Bedside anthropometric techniques include triceps skinfold thickness 

(TSF) and mid-arm circumference (MAC). OLT candidates with TSF and MAC 

below the twenty-fifth percentile had higher rates of bacterial infections and post-

operative six-month mortality (Harrison et al., 1997). However, the use of 

anthropometric assessment tools is limited by high inter-observer variability and 

over-estimation of readings secondary to peripheral oedema (Prijatmoko et al., 
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1993). Further, several studies have demonstrated that 20–30% of healthy controls 

would be considered under-nourished based on anthropometric measurements 

(Harries et al., 1982; Thuluvath & Triger, 1995). Grip strength (GS) and respiratory 

muscle strength (RMS) have been used to measure patients’ nutritional state for 

many years, as the tests reflect reduced muscle mass and TBP (Windsor & Hill, 

1988). Peng et al. showed that GS and RMS decreased as the severity of disease 

increased in cirrhosis, particularly in women (Peng et al., 2007). 

 

In 2006, the European Society of Parenteral and Enteral nutrition (ESPEN) specified 

guidelines that recommended the use of bedside techniques such as BIA or 

questionnaires to identify readily patients at risk of malnutrition (Plauth et al., 2006). 

Further quantification of malnutrition using BIA PA was also recommended (Plauth 

et al., 2006). However, the assessment of nutritional status with cirrhosis, when 

using bedside techniques, will often be subject to error secondary to fluid retention 

(Tsiaousi et al., 2008). Specific body composition tools to account for overhydration 

are only available in select centres, such as the BCL. 

 

1.4. Nutrition and liver transplantation 

1.4.1. Malnutrition and outcomes after OLT 

 

Numerous studies have described the effect that malnutrition has on morbidity and 

mortality of OLT candidates (Porayko et al., 1991; Pikul et al., 1994). Lautz et al. 

studied 123 OLT candidates (Lautz et al., 1992) and assessed their nutritional state 

with anthropometry, BIA, urinary creatinine excretion and TBK. Malnourished 

patients had twice the mortality and were transplanted earlier than well-nourished 
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patients were (Lautz et al., 1992). Muller et al. demonstrated that hypermetabolic 

cirrhotic patients were transplanted earlier, and post-OLT mortality was predicted by 

pre-OLT losses in BCM (Muller et al., 1992). Post-OLT survival of up to four years 

was significantly worse with hypermetabolic patients and those patients with low 

BCM, according to Selberg et al. (Selberg et al., 1997). A more recent study 

demonstrated a different outcome. Nutritional status was measured in 35 patients 

with upper-arm anthropometry and DXA (Figueiredo et al., 2000). Poor outcomes 

post-OLT (death, ICU stay >4 days, LOS >15 days) were not associated with 

nutritional status. However, the results of this study are biased by the fact that the 

majority of patients had a cholestatic cause for their cirrhosis; PBC and PSC patients 

are less likely to be malnourished. Further, these patients were fed pre-operatively, 

which is not routinely performed (Figueiredo et al., 2000). The time between wait-

listing and OLT may create a therapeutic window in which to commence feeding. 

Abbott et al. studied the relationship between CPS, nutritional indices and post-OLT 

outcome in 80 patients (Abbott et al., 2001). Only anthropometric techniques were 

used to assess nutritional status. No relationship was discovered between nutritional 

indices and post-OLT morbidity (time on ventilator, LOS) in the first year post-OLT. 

 

The long-term survival rates after OLT are excellent; exceeding 85% at one year, 

70% at five years and >40% at eighteen years (see Figure 1.7) (Jain et al., 2000). 

These improvements in survival have occurred through the advances in patient 

selection, surgical technique, anaesthetic and peri-operative care, 

immunosuppression and infectious diseases management. 
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Figure 1.7. Overall patient survival rate and separate rates for males and 

females; adapted from Jain et al. (2000) 

 

Despite the improvements in survival, major morbidity is common after OLT and 

treatment costs remain high. Mortality and morbidity is increased in poorly 

nourished patients. Post-OLT patients are usually managed in an ICU setting for the 

first few days post-transplant. Median LOS for patients in hospital is ten days and 

issues that contribute to prolonged LOS include pre-OLT factors, such as increased 

donor age, co-morbidities, higher MELD scores and ICU admission at the time of 

surgery, and post-OLT factors, such as surgical complications, infectious 

complications, rejection and renal impairment (Smith et al., 2009).  

 

The most common early post-OLT infections are bacterial involving the wound, 

lung, urinary tract and biliary system. Infections occurring within six months of OLT 

are typically viral (cytomegalovirus, Epstein-Barr virus, recurrent HBV, HCV and 

human immunodeficiency virus [HIV]). Recurrent HCV is universal amongst 
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patients transplanted for this indication. The side effects of immunosuppression 

include renal impairment, hypertension, diabetes and raised dyslipidaemia. In the 

long-term, there is also an increased risk of malignancy, particularly post-transplant 

lymphoproliferative disorder (Haagsma et al., 2001). 

 

1.4.2. Quality of life in the post-OLT period 

 

The quality of life (QOL) of patients with cirrhosis is poor. Patients with chronic 

HCV had worsening QOL and fatigue that correlated with the degree of liver fibrosis 

(Teuber et al., 2008). Patients with chronic HBV have significantly lower QOL, 

which worsens with disease progression, when compared with control populations 

(Levy et al., 2008). The general health and mental components of QOL scores were 

worse with HBV patients when compared with controls. Further, the physical 

domains deteriorated with disease progression (Ong et al., 2008). QOL and the 

nutritional state associated with alcoholic liver disease are poor compared with 

alcohol addicts with no liver dysfunction (Panagaria et al., 2007). QOL was 

relatively well preserved in PBC cases; however, personal relationships and work 

activities were significantly affected (Selmi et al., 2007).  

 

Many studies have shown significant improvements in QOL domains post-OLT. In 

one study, there were improvements in health-related QOL scores and mental health 

scores, which were indistinguishable from the normal population (Younossi et al., 

2000). In over 400 liver transplant patients, significant improvements in most QOL 

domains were found at three months compared to pre-OLT, with the exception of 

bodily pain and ‘role emotional’ (Ratcliffe et al., 2002). A systematic review of 
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longitudinal QOL studies found that 44 studies utilised a variety of questionnaires 

(Tome et al., 2008). Domains that revealed improvements over time were general 

QOL, social functioning, physical health and psychological health but not sexual 

functioning (Tome et al., 2008). When analysing studies that only used the 

standardised Short-Form 36 (SF-36) questionnaire, improvements in general health 

were noted (Tome et al., 2008). The review then commented on the sixteen studies 

that have investigated QOL of OLT recipients and compared it to the general 

population. A consistent reduction in QOL was noted in the OLT patients, 

particularly for the physical functioning, role physical, role emotional, social 

functioning, energy and general health domains (Tome et al., 2008). The reasons 

why OLT patients fare worse when compared with the general population are not 

clear. However, contributing factors may include medical complications of 

immunosuppression, disease recurrence, employment status and sexual dysfunction 

(Bravata et al., 1999; Kousoulas et al., 2008; Tome et al., 2008). 

 

1.4.3. Immunonutrition and outcome after major surgery 

 

The elevation of inflammatory markers seen after various insults to the body 

(trauma, burns and surgery) are referred to as systemic inflammatory response 

syndrome (SIRS). Common cytokines implicated in SIRS include interleukin (IL)-1, 

IL-6, IL-8 and tumour necrosis factor (TNF-α) (Bone et al., 1992). Other mediators 

such as prostaglandin E2 and leukotriene B4 are implicated in septic and critically ill 

patients, and acute respiratory distress syndrome (ARDS) respectively (Grbic et al., 

1991; Kollef & Schuster, 1995). Patients suffering from sepsis, trauma and burns are 

immunosuppressed with reduced expression of human leukocyte antigens (HLA), 



 

29 

 

reduced stimulation and proliferation of T-cells and helper T-cell cytokines including 

interferon (IFN)-γ (Calder, 2004). This immunosuppressed state follows the hyper-

inflammatory phase of SIRS; however, the exact timing and contribution of each to 

patient outcome has yet to be established (see Figure 1.8) (Tschaikowsky et al., 

2002). 

 

 

Figure 1.8. Theoretical time course of SIRS and sepsis combining early hyper-

inflammation and later immunosuppression in stressed patients; adapted from 

Calder (2007) 

 

1.4.3.1. Immunonutrition 

 

Immunonutrition (IN) is defined as any nutritional therapy that improves the 

functional activity of immune cells. The aim of such nutrients is to enhance the cell-

mediated response, which may lead to the improved clinical outcome for 

immunosuppressed patients. This may be achieved through a variety of mechanisms 

(see Figure 1.9) (Calder, 2007). 
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Figure 1.9. The purported benefits of immunonutrition in critically ill and 

surgical patients, adapted from Calder (2007) 

 

Each of the specific immunonutrients is added to artificial nutritional supplements 

that contain carbohydrate, lipid, protein, peptides, vitamins and minerals. This thesis 

examines an IN preparation that contains long-chain -3 FAs, arginine and 

nucleotides. This product is commercially marketed as Impact
®
 (Novartis Consumer 

Health, Nyon, Switzerland) and is consumed as an oral supplement of two sachets 

per day. It is also available as an enteral formulation. When reconstituted with water, 

the two sachets yield 600ml (1kcal/ml), containing 7.5g arginine, 2g -3 FAs (1.8g 

as eicosopentanoic acid [EPA] and docosahexanoic acid [DHA]) and 0.8g 

ribonucleic acid. Energy distribution of this formula is 22% protein, 53% 

carbohydrate and 25% fat. 

 

The two essential fatty acids (EFA) in the human body, alpha linolenic acid (LA, -

3 FA) and linoleic acid (LE, -6 FA) must be obtained from nutritional sources. 

They assist in the structure and flexibility of mammalian cell membranes. The -



 

31 

 

3/-6 nomenclature derives from the location of the double bond between carbon 

atoms. The synthesis pathways for each EFA are shown below (see Figure 1.10). 

 

 

Figure 1.10. Polyunsaturated (PUFA) synthesis pathways, adapted from Lee et 

al. (2006) 

 

The -6 pathway shows LE conversion to arachidonic acid (AA), which is the 

biologically active molecule. The important compounds in the -3 pathway are EPA 

and DHA. Each of these membrane-bound FAs affects cell surface biochemical 

signals and serves as endogenous ligands for processes that affect gene expression. 

Further, both AA and EPA are precursors for pro- and anti-inflammatory eicosanoids 

and prostanoids. AA end-products include pro-inflammatory prostaglandins (PGE2, 

PGI2, TXA2) and leukotrienes (LTB4, LTC4, LTE4). Whereas, EPA end-products 

include anti-inflammatory prostanoids (PGE3, PGI3, TXA3) and leukotrienes (LTB5, 

LTC5, LTE5). 
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ω-3 FA are found in fish and nuts, while -6 FA are found in animal products and 

vegetable oils, which constitute much of the typical Western diet. Over time, the 

dietary intake ratio of 6:-3 has increased from 0.79:1 in the Palaeolithic era, to 

4:1 in fish consuming countries like Japan to 16:1 in the average American 

household (Simopoulos, 2002; Lee et al., 2006). Such high ratios in the Western 

world may contribute to the rise in cardiovascular disease and cancer. Thus, there 

has been considerable interest in the potential benefits of -3 FA in a wide variety of 

clinical applications including cardiovascular and respiratory disease as well as 

oncologic disease (Schwartz, 2000; Kris-Etherton et al., 2003; Larsson et al., 2004).  

 

Arginine is a non-essential amino acid in the body that becomes conditionally 

essential during times of catabolism and stress (Barbul, 1986). It is the sole precursor 

of NO, a ubiquitous molecule with important roles involving the immune system, 

and effects on post-operative infections and nitrogen balance (Evoy et al., 1998).  

 

Nucleotides, such as RNA, are the third component of IN and their effects on the 

immune system are well established (McManus, 2004). Nucleotides are involved in 

energy metabolism, signal transduction and regulation of enzyme activity. 

Lymphocyte activation leads to rapid increases in nucleotide production to cover 

energy needs and to synthesise RNA for protein production and DNA for cellular 

division (Calder, 2007). Improved T-cell function and response to pathogens after 

provision of nucleotides was shown in experimental studies (Carver et al., 1991; Gil, 

2002). 
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1.4.3.2. Clinical trials of peri-operative immunonutrition (non-OLT) 

 

Many randomised studies have investigated the effect of IN in patients undergoing 

major surgical procedures. The majority of these studies utilised Impact®. Expected 

clinical benefits of immunonutrient provision may include a reduced rate of 

infectious complications and LOS via dampening of the SIRS response and 

amelioration of the immunosuppressed state.  

 

Effects of IN on the immune system and SIRS response from clinical studies include 

a reduction in C-reactive protein, TNF-α, endotoxin and IL-6 (Senkal et al., 1995; 

Braga et al., 1998; Hamilos et al., 2001; Giger et al., 2007). Further, IN may lead to 

an increase in B-lymphocytes, γ-interferon and immunoglobulins (Kemen et al., 

1995; Xu et al., 2006). In addition, IN has been associated with increased levels of 

IL-2, CD4:CD8, total lymphocyte count and cell-mediated response (Kemen et al., 

1995; Braga et al., 1996; Schilling et al., 1996; Braga et al., 1998; Gianotti et al., 

1999; Xu et al., 2006). 

 

A meta-analysis of RCT’s of Impact
®
 in surgical patients has been recently 

published (Waitzberg et al., 2006). Eighteen RCT’s were evaluated including 

patients undergoing upper and lower gastro-intestinal surgery, head and neck cancer 

and cardiac surgery. Impact® was provided in either the pre-, peri- or post-operative 

period (Waitzberg et al., 2006). Aggregated results demonstrated that the use of 

Impact® was associated with fewer post-operative infections (RR 0.49, 95% CI 

0.42–0.58, P<0.0001) and a reduced LOS of 3.1 days (95% CI, 2.3–3.9, P<0.05). 

Post-operative morbidity was improved in IN patients with fewer wound infections, 
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abdominal abscesses, pneumonia, urinary tract infection (UTI) and anastomotic 

leaks. The number of septic episodes was reduced by 40% (NS). Sub-group analysis 

showed that infectious complications and LOS were reduced regardless of whether 

IN was started in the pre- or post-operative periods. The best results were achieved 

when IN was provided pre-operatively at 0.5–1.0 L/day for five to seven days 

(Waitzberg et al., 2006).  

 

The ESPEN guidelines for patients undergoing elective surgery concluded that IN 

should be used for patients undergoing major abdominal and head and neck surgery 

for cancer (Weimann et al., 2006). 

 

1.4.4. Immunonutrition in liver cirrhosis 

 

Only one unpublished, randomised trial investigating IN in patients with acute liver 

failure (ALF) was identified (Broide et al., 2008). Patients with ALF were 

randomised to control feeds, Impact® and Impact® with glycine. Intention to treat 

analysis did not reveal any differences in ICU LOS or infectious complications 

between the groups. However, a higher infection rate was found in the IN group on a 

per protocol analysis. This study raises the issue of protein supplementation in ALF 

and the prolongation of encephalopathy (Broide et al., 2008). No studies on patients 

with cirrhosis were located. 
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1.4.5. Immunonutrition in OLT 

 

Only one study has been reported investigating IN in pre-OLT patients. This was a 

phase II open-labelled study of patients undergoing elective OLT at the New Zealand 

Liver Transplant Unit (NZLTU) (Plank et al., 2005). Fifteen patients were fed with 

oral Impact® (600ml/day) followed by enteral feeding immediately post-OLT. 

Patients were followed up to six months post-operatively. Body composition 

including TBP was measured pre- and post-operatively until follow-up. Impact® fed 

patients had a significant improvement in pre-operative TBP; after the initial 

catabolic loss of protein post-operatively these patients regained pre-OLT levels 

within six months. Historical control patients given a standard supplement (Ensure 

Plus) did not improve their pre-operative TBP and at six months TBP failed to 

recover to pre-operative levels (see Figure 1.11).  
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Figure 1.11. Changes in TBP (mean±sem) relative to that at study entry in 

patients consuming Impact® and control feeds both pre- and post-OLT; 

adapted from Plank et al. (2005) 

 

There was also a trend towards fewer infectious complications in the IN group in the 

first 30 days post-OLT (Plank et al., 2005). There was no increase in rejection in the 

IN patients compared with historic controls. 

 

Pre-OLT candidates form an ideal cohort to investigate the effects of IN as they are 

malnourished, immunosuppressed and progress to major abdominal surgery for 

which the benefits of IN are already established. This pilot study has confirmed 

Impact® to be safe and efficacious. It may lead to improved pre- and post-operative 

nutritional state and outcomes. A randomised study investigating the benefits of IN 

in OLT candidates is described in detail in Chapter 4.  
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1.5. Goals of the thesis 

 

Malnutrition is common in liver cirrhosis. Body composition analysis is ideally 

suited to measure accurately the changes that occur. Nutritional and metabolic 

abnormalities may have independent prognostic significance in liver cirrhosis (see 

Chapter 3). IN has been shown to reduce day stay and infective complications in 

patients undergoing major surgery. A double blind placebo-controlled randomised 

trial of IN in patients undergoing elective OLT is described in Chapter 4. Chapter 5 

describes the protein turnover studies, which provide a dynamic view of protein 

substrate metabolism, in a sub-group of patients from the IN trial. Finally, Chapter 6 

describes the long-term body composition measurement in patients three years or 

more post-OLT. 

 

The specific goals of the thesis are: 

 To investigate the influence of hypermetabolism, hyponatraemia, and 

bioelectric impedance phase angle on transplant-free survival (TFS) in 

patients with liver cirrhosis; 

 To investigate the effect of peri-operative IN on TBP and clinical recovery 

after elective OLT; 

 To describe the protein turnover dynamics in cirrhotic patients awaiting OLT 

treated with IN or an isocaloric isonitrogenous control supplement; and 

 To describe the long-term (>3 years) changes in body composition after OLT. 
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Chapter 2. Methods 

2.1. Introduction 

 

Patients underwent the following measurements in the BCL, usually in the fasted 

state (see Figure 2.2). Body weight was measured to the nearest 0.1kg using a beam 

balance and estimated clothing weight was subtracted. Height was measured to the 

nearest 0.5cm using a stadiometer. Whole-body DXA scans were performed over a 

period of fifteen to 40 minutes depending upon body habitus. Patients remained on 

the DXA scanner for BIA measurements of resistance (R) and reactance (Xc) at 50 

kHz. Patients were then positioned on the IVNAA scanner bed for measurements of 

body habitus prior to undergoing a 35-minute scan on this machine. During the final 

ten to fifteen minutes of the scan, REE and RQ were measured using IC. RMS, peak 

expiratory flow rate (PEFR) and GS were then measured. Next, patients completed 

the Karnofsky Performance scale (KPS), fatigue score and the SF-36 questionnaire 

for QOL. Finally, venous blood samples were taken and after centrifugation, the 

plasma or serum was stored in laboratory freezers for later batch analysis. The entire 

procedure took approximately two hours. Methods specific to the various studies 

conducted in this thesis are described in their respective chapter. 
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Figure 2.1. Pathway through the BCL 

 

 

Figure 2.2. BCL 
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2.2. DXA 

 

This technique utilises the principle of differential absorption of x-rays by bone and 

soft tissue (Mattsson & Thomas, 2006). It employs an x-ray tube and appropriate 

filtration to produce low (38keV) and high-energy beams (70keV). The scanner used 

in the BCL (Model DPX+, Lunar Radiation Corporation, Madison, Wisconsin, US) 

has a high precision for the measurements of bone density (1.3%) and TBF (1.1–

1.9%) (Hil et al., 1993). The Lunar model has been shown to be more accurate in 

measurements of healthy subjects compared to a multi-compartment model and 

underwater weighing (Houtkooper et al., 2000). DXA scans provide the reference 

data for TBF measurements for many studies given the high precision and accuracy 

of its body composition measurements (Erselcan et al., 2000). Patients are scanned 

supine with their feet bound together. Patients underwent a fast, medium or slow 

scan depending upon the AP diameter of the abdomen or chest. For optimal 

precision, it is desirable to maintain the same scan speed for each patient throughout 

all visits to the laboratory. The manufacturer’s software converts the information 

collected into an image, which was analysed on the ‘extended research analysis’ 

mode, yielding estimates of TBF, bone mineral content and total soft tissue. The sum 

of these three components should be equal to the total body weight. The radiation 

dose exposure per scan is small (≤1.5 x 10
-2

 mSv) (Mattsson & Thomas, 2006) and 

its use for studies in this thesis has been approved by the National Radiation 

Laboratory (NRL). Scans of either the femoral neck or lumbar spine were performed 

following the whole-body scan on some occasions. 
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A number of assumptions are implicit in the DXA measurement of body fat. Fat and 

lean soft tissue cannot be distinguished in pixels containing bone and fat content 

overlying bone must be estimated from pixels without bone. Measurement of 

boneless regions of the body may be more accurate than regions containing bone 

(Laskey, 1996). ‘Beam hardening’, the phenomenon where the ratio of the high and 

low attenuation beams is reduced, may be significant in obese subjects leading to 

reduced accuracy of TBF measurements (Madden & Morgan, 1997). DXA also 

assumes a constant hydration of the body; peripheral oedema and ascites may lead to 

potential reductions in accuracy of body fat measurements (Kelly et al., 1998; 

Genton et al., 2002). However, when phantoms of increasing hydration were 

measured, the DXA machine used in the studies of this thesis was still accurate to 

within 5% and has been used as the principal method of assessing TBF in numerous 

studies from this department (Plank & Hill, 2000; Plank et al., 2001; Plank et al., 

2005).  

 

2.3. IVNAA 

 

The IVNAA technique involves passing the patient through a neutron field. By 

bombarding the body with neutrons, resulting in nuclear reactions within individual 

atoms, various body elements can be measured (hydrogen, carbon, nitrogen, oxygen, 

sodium, calcium, phosphorus and calcium) (Mattsson & Thomas, 2006). Neutrons 

are delivered at a fast rate to allow for maximal tissue penetration and rely on tissue 

neutron thermalisation in the prompt-gamma technique used in the BCL (Mattsson & 

Thomas, 2006). The radionuclide sources used are 2x 
238

Pu-Be sources, placed above 

and below the patient, which emit approximately 10
7
n/s per source (Mitra et al., 
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1993). Nitrogen nuclei that are activated following neutron bombardment promptly 

release 10.83MeV gamma photons. To detect these photons, 12.5 x 15cm sodium 

iodide detectors are used, two on each side of the patient scanning tunnel (Mitra et 

al., 1993). The patient is scanned through this neutron beam from the knees to the 

shoulders over a time of 2000 seconds (Knight et al., 1986). What is most important 

about the measurement of TBN is that it is directly proportional to TBP (TBP), i.e. 

TBP=6.25 x TBN; IVNAA is the gold standard for the measurement of protein in the 

body (Mattsson & Thomas, 2006). Analysis of the precision of the measurement of 

TBP was performed by scanning mincemeat phantoms of various sizes with varying 

degrees of overhydration (Hill et al., 1993). When compared to chemical analysis of 

protein content, the accuracy was within 4% and the precision was between 1.6% 

and 4.5% (Hill et al., 1993).  

 

A pre-illness TBP was estimated for each patient based on regression equations 

developed in the laboratory from measurements by IVNAA analysis of healthy 

volunteers, of which 223 were female and 163 were male (Plank et al., 2001). These 

equations are as follows: 

 

For females: pre-illness TBP = 0.0527 x pre-illness body weight (kg) + 0.0727 x 

height (cm) – 0.0247 x age (yr) – 5.979 (standard error of the estimate = 0.8kg, r
2
 = 

0.61) 

 

For males: pre-illness TBP = 0.0916 x pre-illness body weight (kg) + 0.0718 x 

height (cm) – 0.0296 x age (yr) – 6.211 (standard error of the estimate = 1.1kg, r
2
 = 

0.61) 
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The patients stated their pre-illness weight (confirmed if possible by a family 

member or clinical records), which was recorded as it provides a more accurate 

estimate of a patient’s weight when healthy than the weight predicted from published 

tables (Morgan et al., 1980). A PI, defined as TBP/TBPpredicted, was calculated to 

measure protein depletion. Significant protein depletion was defined as PI <0.82, or 

two standard deviations below the mean PI for the controls. Radiation exposure for a 

single scan is <0.20mSv. IVNAA has been used to accurately estimate body protein 

in a variety of surgical conditions and critically ill patients (Plank & Hill, 2000).  

 

2.4. Estimation of TBW  

 

The most established techniques for estimating TBW use isotope dilution, which is 

often laborious and delivers a small radiation dose to the patient, as is the case with 

tritium (Plank et al., 1995). An alternative approach is to estimate TBW using a six-

compartment model of the body that utilises the results of DXA and IVNAA (Plank 

et al., 1995). Precision close to 1% may be achieved for TBW derived by this 

method with accuracy better than 3% (Plank et al., 1995; Plank et al., 2001).  

 

The formula for TBW by this method is: 

 

TBW by difference = weight – TBP – bone mineral – TBF – glycogen – non-bone 

mineral (Plank et al., 1995) 
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where the small non-bone mineral and glycogen compartments are estimated from 

TBP and total minerals based on the relationships between these compartments in the 

reference man (Snyder et al., 1984). Non-bone mineral is calculated as 5.7% of TBP 

and glycogen is estimated as 15% of total minerals. By including these components, 

systematic error in the TBW estimate is reduced.  

 

2.5. BIA 

 

BIA has recently increased in popularity as a simple and reliable means of measuring 

FFM, BCM and TBW in appropriate research subjects who do not have significant 

fluid overload or oedema (Kyle et al., 2004; Kyle et al., 2004). 

 

The principle behind BIA lies in the resistance (R) that body tissues provide to an 

electric current. The laws of physics state that the R of a cylinder of conductive 

material is proportional to its length (L) and inversely proportional to the cross-

sectional area (A) (see Figure 2.3). However, the human body is not a perfect 

cylinder and the conductivity is not uniform; hence, a relationship can be established 

between the volume of body water and the impedance quotient (L
2
/R). In this case, 

the L is practically measured as the height. An adjustment coefficient is required 

between height
2
/R and volume to take into account other differences between human 

geometry and a typical cylinder (Kyle et al., 2004).  
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Figure 2.3. Principles of BIA cylinder model 

 

The current flow in the body is impeded by both capacitive effects and fluid 

resistance. Capacitance (with reactance, Xc) refers to the charge that can be stored 

within the charged cell membranes of tissue impeding current flow. R refers to the 

opposition of current by electrolyte in and outside cellular tissue. The combination of 

Xc and R is referred to as the impedance. Both R and Xc can be measured at various 

frequencies but single frequency (50 kHz) measurements are most commonly 

performed. At this frequency, the current passes through both intracellular fluid 

(ICF) and extracellular fluid (ECF) (Kyle et al., 2004). At low frequency, the current 

will not pass through cell membranes; hence, only the ECF can be measured. At high 

or infinite frequencies, Xc is at a minimum hence TBW can be measured. An 

emerging mathematical property that exists between R and Xc, the phase angle, is 

described in more detail in Chapter 3. 

 

Patients usually undergo BIA analysis fasted and lying recumbent on a padded non-

conductive plinth. Measurements took place after twenty minutes of lying in this 

position to allow for some re-distribution of fluid from the standing position. BIA 

was performed using a single frequency (50 kHz) machine that applies an 800 A 
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current (RJL Systems, Clinton Township, MI, US). A tetrapolar arrangement of pre-

gelled current electrodes was used. These were placed on the dorsal surfaces of both 

the right hand and foot over the metacarpals and metatarsals respectively. More 

proximal electrodes were then placed between the styloid processes of the radius and 

ulna and on the foot dorsally between both malleoli. Each electrode site was pre-

cleaned with an alcohol swab.  

 

BIA is valid in patients with a BMI up to 34kg/m
2
 (Kyle et al., 2004). It has been 

shown to be useful in cirrhotic patients (Selberg & Selberg, 2002). However, in 

patients at the extremes of hydration status and with obvious ascites, the accuracy of 

the measurements should be viewed with caution (Kyle et al., 2004). 

 

2.6. REE 

 

Energy expenditure is defined as the ability of a person to do internal and external 

work (Matarese, 1997). Total energy expenditure comprises basal energy 

expenditure (BEE), heat production measured at basal conditions in the post-

absorptive state, and the remainder, which consists of the thermogenesis of food, 

shivering and physical activity (Matarese, 1997). BEE refers to that which is 

measured at rest (usually asleep); however, it is often measured in a relaxed post-

absorptive state and is often termed REE. In practice, REE may be up to 10% greater 

than BEE (Matarese, 1997). Such measurements are vital for the nutritional 

management of patients, as one must understand the nature of particular foods being 

oxidised and their particular energy requirements in order to tailor nutritional 

interventions. 
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IC measures REE by utilising the classic Weir equation (Weir, 1949): 

 

REE = [3.9 x (V02) + 1.1 x (VCO2)] x 1.44 

 

where V02 = oxygen consumption (mL/min), VCO2 = carbon dioxide production 

(mL/min), REE = resting energy expenditure (kcal/d). 

 

As protein is incompletely oxidised and excreted in the urine, a small correction of 

approximately 2% is required for the measurement of REE. This is accounted for by 

the Deltatrac system. Otherwise, the full Weir formula allows for nitrogen excretion 

but this is often impractical to measure, as it requires a 24 hour urine collection.  

 

Both oxygen consumption and carbon dioxide production are measured using a 

ventilated hood open circuit indirect calorimeter (Deltatrac Metabolic Monitor, 

Datex Instruments, Helsinki, Finland). Patients are measured supine after a rest 

period of at least 30 minutes in a room at thermal equilibrium (approximately 23°C). 

Measurements are performed in the fasting state. The CO2 produced and O2 

consumed after room air is drawn into the hood are measured in a suitable mixing 

chamber and the software converts these into average readings at one-minute 

intervals. Generally, the first two to three minutes of recordings are inaccurate and 

only stable recordings thereafter for at least five minutes are used to calculate the 

average REE. More material relating to estimating or predicting REE in the patient 

groups is discussed in detail in Chapter 3. This machine has been used in the 

department for many years to study a variety of patients (Uehara et al., 1999). Of 
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particular relevance to liver disease is that it enables the identification of so called 

‘hypermetabolic’ patients (see Chapter 3). 

 

2.7. Grip strength 

 

There is an understanding that losses in muscle strength and protein are not only 

indicative of active disease but also predict health-related QOL(Sayer et al., 2006). 

Hence, GS has been developed as a technique that can easily assess strength in 

patients and provide a clinically useful assessment that corroborates the TBP 

measurements performed in the BCL (Windsor & Hill, 1988). It has been used to 

track functional changes in liver transplant recipients over time and exceeded pre-

operative values at twelve months (Plank & Hill, 2000). Pre-operatively, GS reduced 

in concert with the levels of protein depletion and malnutrition (Plank & Hill, 2000).  

 

In the body composition unit, a hand-held dynamometer was used (Lafayette, IN, 

US). GS was usually measured in the dominant hand and the best of three readings, 

taken at least one minute apart, was recorded. These recordings were compared to 

predicted GS for the individual based on regression equations developed in the 

laboratory on measurements performed in 247 healthy volunteers. The equations are 

as follows: 

 

For women: predicted GS = 1.296 x pre-illness TBP (kg) + 0.205 x height (cm) – 

0.0998 x age (yr) -12.323 (standard error of the estimate = 4.0kg, R
2
 = 0.39) 

 



 

49 

 

For men: predicted GS = -0.960 x pre-illness TBP (kg) + 0.232 x height (cm) – 0.218 

x age (yr) + 1.808 (standard error of the estimate = 5.3kg, R
2
 = 0.43) 

 

2.8. RMS 

 

Similar to GS, RMS has been shown to reduce in patients with malnutrition (Polkey 

et al., 1995). It has been shown to improve by one year post-transplant; however, it 

was still lower than normal predicted values (Plank & Hill, 2000).  

It is measured by the mean of the maximal inspiratory pressures (MIP) and maximal 

expiratory pressures (MEP) generated by blowing or inspiring against a closed valve. 

MIP and MEP values were measured as the better of at least two consecutive 

readings with a bi-differential pressure transducer (Validyne Engineering Corp., 

Northridge, CA.). Pressure was maintained for at least one second and a small leak 

was introduced into the system to reduce the influence of the cheek muscles (Plank 

& Hill, 2000). These readings were usually compared to predicted norms for the 

patients that are based on pre-illness body weight, height, age and sex (Bruschi et al., 

1992). The equations are as follows (ln = natural log transformed, BSA = body 

surface area): 

 

lnMEP = 4.48 – 0.18 x sex (1 = female, 0 = male) – 0.0004 x age (yr) – 0.003 x sex 

(1 = female, 0 = male) x age (yr) + 0.25 x BSA 

 

lnMIP = 4.02 – 0.26 x sex ( 1 = female, 0 = male) – 0.004 x age (yr) + 0.47 x BSA 

BSA = √(well weight x ht(cm)/3600) 
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2.9. Peak expiratory flow rate 

 

Peak expiratory flow rate (PEFR) is a readily used, simple and reproducible 

technique for estimating lung function. It is used extensively in the asthma literature. 

In standard body composition data collected in the laboratory, PEFR is calculated as 

the best of three attempts. It is expressed as litres/min (L/min) (see Figure 2.4). 

 

Figure 2.4. Peak flow meter 

 

2.10. Karnofsky performance index and fatigue score 

 

The Karnofsky performance index is a tool that is often used in oncology research 

for the assessment of activity in cancer patients and is an important predictor of 

response to therapy and survival (Mor et al., 1984). It was originally developed in 

1949 (Karnofsky & Burchenal, 1949). An example of the KPS is shown in Appendix 

3. 

 

The KPS is straightforward to administer and requires minimal input from the 

examiner. For most ambulatory patients they can select a score based on their current 

performance. Most patients who are able to work are deemed ‘able’ and score above 
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80. For those who are disabled or hospitalised, the scores are generally less than 40. 

In a large cohort of pre-OLT patients, mean KPS was 53 with 13% having a score of 

less than 40 (disabled) (Pinson et al., 2000). Scores up to two years post-OLT 

improved significantly from pre-OLT values. The level of improvement following 

liver transplantation was comparable to that of heart and lung transplantation and 

most change occurred within the first twelve months (Pinson et al., 2000). 

 

The Christensen-Kehlet fatigue score has been widely used in the surgical literature 

to assess fatigue in the pre- and post-operative period (Christensen et al., 1982; 

Rubin et al., 2004). In Christensen’s early studies (Christenson et al., 1982) of 

surgical patients, fatigue scores increased significantly up to a month post-

operatively compared to baseline levels. Using this scale, clinically significant 

fatigue refers to at least a three-point increase in fatigue ratings (Rubin et al., 2004). 

A systematic review found that post-operative fatigue following abdominal surgery 

is a real phenomenon and may persist up to six weeks (Rubin et al., 2004). The 

Christensen-Kehlet fatigue score is simple to administer and requires no coaching. 

Descriptions at various gradations on the 1–10 point scale (fit, slightly tired, tired, 

fatigued) allow for easy patient identification of their current fatigue level. The full 

scale may be viewed in Appendix 4. 

 

2.11. QOL assessment (Short form-36) 

 

The SF-36 is a multi-purpose health survey questionnaire that contains 36 questions. 

It is a generic instrument that does not target a specific demographic or disease 

group. Its results provide a global estimation of health-related QOL (HR-QOL) by 
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virtue of an eight-domain assessment of physical and mental health. These eight 

domains include physical functioning, role physical, bodily pain, general health, 

vitality, social functioning, role emotional and mental health. Forty domains were 

utilised in the original medical outcomes study but these eight were chosen as they 

represented the most frequently measured concepts in health surveys that may be 

affected by illness and treatment (Ware & Sherbourne, 1992). The SF-36 is without 

doubt the most widely referenced, validated and replicated QOL measure in the 

medical literature (Garratt et al., 2002). 

 

The SF-36 can be administered in person, by telephone or by the patients 

themselves. In all instances of its use in this thesis, the SF-36 was administered in 

person. Patients’ queries during the interview were answered but no coaching was 

provided to facilitate an answer. In addition to the eight domains measured in the 

original questionnaire, four scales pertinent to liver disease were added (health 

distress, positive well-being, limitations due to liver disease and health distress due 

to liver disease) (Carithers et al., 1996; Bayliss et al., 1998). Patients’ raw scores 

were entered into a spreadsheet, recoded and transformed into a 0–100 score for each 

domain, where 100 represents optimal health. The SF-36 questionnaire is provided in 

Appendix 1. 
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Chapter 3. Prognostic markers for transplant-free survival 

in cirrhosis 

 

In this chapter, nutritional, metabolic and physiological variables are investigated as 

predictors of TFS alongside the currently utilised markers of disease severity, the 

CPS and MELD score, in patients with cirrhosis. 

 

3.1. Introduction 

 

The use of prognostic scores in patients with cirrhosis is important for a number of 

reasons. They assist clinicians to identify patients most at risk of cirrhosis-related 

complications and mortality. Further, they can be used to predict the risks associated 

with interventions such as porto-systemicshunts or surgery. Prognostic scores are 

useful for comparing results across studies. They are also used to determine the 

threshold for listing patients for OLT and to prioritise patients on the waiting list. 

 

3.1.1. Current prognostic tools in cirrhosis 

 

The CPS was originally developed by Child and Turcotte in 1964. It included serum 

bilirubin, albumin, and clinically apparent encephalopathy, ascites and malnutrition 

(Child & Turcotte, 1964).  

 

The selection of these variables was based on observed clinical practice. Each 

variable was allocated points based on specific cut-off ranges or degree of 
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abnormality, with the combined score allowing for three distinct groups of 

worsening severity (Groups A-C). Nearly ten years later, a modification of this score 

was proposed by Child-Pugh, which was used to predict the outcome from surgical 

procedures designed to reduce PH and treat oesophageal varices (Pugh et al., 1973). 

Nutritional status was replaced by the prothrombin time or international normalised 

ratio (INR) and the lowest cut-off for albumin was reduced to 28g/L (see Table 3.1). 

 

Table 3.1. Modified CPS, adapted from Durand et al. (2005) 

Variable  One 

Point 

 Two Points    Three Points 

Laboratory Value    

Serum Bilirubin 

(µmol/L) 

  < 34 34–51 > 51 

Serum Albumin (g/L)   > 35 28–35 < 28 

INR   < 1.7 1.7–2.2 > 2.2 

Clinical Signs    

Ascites None Medically 

controlled 

Poorly 

Controlled 

Encephalopathy  None Minimal Coma 

Based on total points, Child A = 5–6 points, Child B = 7–9 points, Child C = 10–15 

points 

 

This modified CPS quickly became the gold standard tool for predicting the 

likelihood of survival in patients with cirrhosis. It has been established as an 

independent predictor of survival in the varied settings of ascites, varices and HCC 

(Barbara et al., 1992; Merke et al., 2000; Fernandez-Esparrach et al., 2001). It has 

also withstood the addition of other variables such as markers of liver metabolism 

(lidocaine and aminopyrine elimination) that have been proven not to add further 

prognostic information to the score (Merkel et al., 1992; Testa et al., 1999). 

Similarly, the addition of malnutrition, as measured by skinfold anthropometry, did 

not improve the prognostic ability of the CPS (Merli et al., 1996).  

 



 

55 

 

The MELD score was initially developed to predict the likelihood of survival in 

cirrhotic patients with refractory ascites undergoing transjugular intrahepatic 

portosystemic shunt (TIPPS) (Malinchoc et al., 2000). Researchers discovered that 

four objective variables independently predicted survival in these patients in a 

multivariate Cox model. These were bilirubin, creatinine, INR and cause of cirrhosis 

(alcohol and cholestatic versus other causes). The score has the following formula: 

 

MELD score = 9.6 loge (creatinine mg/dl) + 3.8 loge (bilirubin mg/dl) + 11.2 loge 

INR + 6.4 (cause of cirrhosis; 0 = cholestatic/alcohol, 1 = other) 

 

Each variable was log transformed and had a regression coefficient attached relative 

to its individual contribution to the model. A broader use for this score was 

suggested in order to improve upon the criteria of waiting time as the basis for 

allocating donor organs for liver transplant candidates (Freeman & Edwards, 2000; 

Kamath et al., 2001). Kamath et al. demonstrated that the predictive ability of the 

MELD score for three-month mortality was reliable across different cirrhotic patient 

cohorts. It was validated against hospitalised cirrhotic patients, ambulatory patients 

without cholestasis, patients with PBC and a large unselected patient cohort from the 

1980s (Kamath et al., 2001). Further, eliminating the last variable (cause of cirrhosis) 

from the model had a negligible effect on its prognostic ability (Kamath et al., 2001). 

Thus, the new calculation for the score became:  

 

MELD = 3.78[loge serum bilirubin (mg/dL)] + 11.2[loge INR] + 9.57[loge serum 

creatinine (mg/dL)] + 6.43 
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Caveats with the score include:  

 The maximum score given for MELD is 40. All values higher than 40 are 

given a score of 40.  

 Creatinine is capped at 4.0 and if the patient has been dialysed twice within 

the last seven days, the value for serum creatinine used should be 4.0.  

 Any value less than one is given a value of one (i.e. if bilirubin is 0.8, a value 

of 1.0 is used).  

 

On the strength of these data, the MELD score has become the primary scoring tool 

to allocate donor livers for wait-listed patients in the US. The only subsequent 

modification to the score involves patients with HCC receiving scores equivalent to 

their tumour stage. Patients with HCC who are not transplanted within three months 

receive higher MELD scores equivalent to a 10% risk of death. In the post-MELD 

era, there has been a 12% reduction in new candidates placed on the waiting list 

(Freeman et al., 2004). Further, a non-significant 3.5% reduction in wait-list 

mortality was found whilst there was a 10% increase in the number of deceased 

donor organs and no change in post-OLT survival (Freeman et al., 2004). 

Interestingly, the pre-OLT MELD score’s ability to predict the post-OLT outcome is 

mixed; a survival advantage for cholestatic patients with MELD scores of fifteen to 

24 has been shown (Onaca et al., 2003). However, in a large retrospective series 

(>2,000 patients), it was shown to be a poor predictor of post-OLT outcome, except 

in patients with the highest 20% of MELD scores (Desai et al., 2004).  
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3.1.2. Limitations of the CPS and MELD score 

 

Despite its widespread use, there are a number of limitations of the CPS. Its 

components were empirically derived more than 40 years ago and would not have 

been subject to the same statistical rigour as it may have been today. Independently, 

each component has not been shown to influence survival in cirrhosis. Synthetic 

function may be over-represented by including both the INR and albumin. Further, 

each variable contributes equally to the overall score but it is unrealistic to expect 

that these reflect their actual contributions. Typically, regression models define the 

contribution of each variable by assigning a coefficient. By categorising the 

quantitative values of bilirubin and albumin, a ‘ceiling’ effect is created where CPS 

‘C’ may include a bilirubin of 50 or 500 µmol/L. This would not occur in regression 

models that utilise continuous variables (Durand & Valla, 2005). The qualitative 

components ascites and encephalopathy rely upon subjective interpretation as these 

signs may fluctuate in response to treatment.  

 

Other influences on survival have not been included in the CPS. Chapter 1 

highlighted the interaction between cirrhosis and renal function. In a series of 216 

patients with advanced cirrhosis and ascites, three independent predictors of survival 

other than CPS were suggested; two of which were directly related to renal function 

(serum creatinine and renal water excretion) (Fernandez-Esparrach et al., 2001). 

Creatinine was a central part of a modified short-term prognostic index that 

accurately assessed death in patients with cirrhosis on a waiting list for OLT 

(Longheval et al., 2003). Other putative predictors of survival include HPVG and 

portal blood velocity (Zoli et al., 1993; Vorobioff et al., 1996). It should be 
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remembered that prognostic models might only explain up to 45% of the variation in 

the population under consideration; there are numerous other factors yet to be tested 

(Christensen, 2004).  

  

Whilst the MELD score has been constructed using robust multivariate statistical 

analysis, it remains that each individual component was empirically chosen. This is 

similar to other gold standard prognostic tools such as the TNM (Tumour, Node, 

Metastasis) and the Glasgow coma scale (Durand & Valla, 2005). Further, whilst 

potentially subjective variables such as encephalopathy and ascites are not included, 

the serum creatinine and bilirubin may be altered with therapeutic interventions 

(such as diuretics) or if the patient has sepsis. The MELD score was not initially 

validated in patients undergoing OLT and was not constructed with these patients in 

mind. Unlike the CPS, there are no distinct cut-offs for mild, moderate or severe 

liver disease using the MELD score. As a linear scale, a higher score does suggest 

advancing disease; however, the clinical relevance of small increments in the MELD 

score is still not clear.  

 

The MELD score is not a straightforward bedside tool to administer, as it requires 

computation using a complicated formula. As has been mentioned earlier, the cause 

of disease was removed as a variable without any effect on its accuracy. The 

question of whether a simplified formula is available deserves further discussion. 

Lastly, as with the CPS, there are other variables that researchers will consider 

important to test against the MELD score to improve its accuracy and 

reproducibility. These variables include serum sodium, hypermetabolism, BIA, 

phase angle (PA) and malnutrition as measured by loss in TBP. 
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3.1.3. Additional measures assessed for prognosis 

 

A schema for the pathogenesis of hyponatraemia in cirrhosis is shown below (see 

Figure 3.1). Renal dysfunction (reduced glomerular filtration rate and nephron 

reabsorption) leads to reduced fluid delivery to the diluting segments and reduced 

generation of free water (Gines et al., 1998; Castello et al., 2005). Aldosterone is the 

key sodium-retaining hormone in the body and secondary hyperaldosteronism is a 

hallmark of oedema disorders, including cirrhosis (Schrier, 2006).  

 

Figure 3.1. Pathogenesis of hyponatraemia in cirrhosis, adapted from Cardenas 

et al. (2005) 

 

The prognostic effect of hyponatraemia has been assessed in cirrhotic patients. A 

large inpatient study showed the prevalence of hyponatraemia to be 29.8% of 

admissions for cirrhosis (Borroni et al., 2000). These patients had frequent episodes 

of bacterial infections and ascites, and received chronic diuretic therapy. Inpatient 
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death rates were higher for these patients compared to non-hyponatraemic patients, 

26.3% versus 8.9%, P=0.003 (Borroni et al., 2000). The authors concluded that low 

sodium is a negative prognostic indicator for short-term in-hospital mortality 

(Borroni et al., 2000). Patients with hyponatraemia and poor renal function had 

higher in-hospital mortality rates when compared with patients with normal sodium 

and renal function (Arroyo et al., 1976). However, hyponatraemia was not an 

independent predictor of mortality when compared to CPS (Porcel et al., 2002). 

Serum sodium appears to be a surrogate marker of disease severity, reflective of the 

degree of PH and overhydration of these patients. 

 

Recently, serum sodium has been examined as a predictor of short-term mortality for 

patients on the OLT waiting list. In a cohort of predominantly male, ethanol-related 

cirrhotic patients, Heuman et al. investigated the prognostic ability of low serum 

sodium (<135 meq/L) and persistent ascites on waiting list mortality. They suggested 

that serum sodium independently predicted early mortality in patients with a MELD 

score of less than 21, but in ‘sicker’ patients, only the MELD score was predictive 

(Heuman et al., 2004). Biggins et al. demonstrated that when serum sodium was 

added to the MELD score, its ability to predict three-month waiting list mortality 

improved significantly. Further, the MELD score and serum sodium were 

independent predictors of death (Biggins et al., 2005). Another study reported that 

the MELD score’s mortality prediction improved with the addition of serum sodium. 

Serum sodium <130mmol/L at OLT listing was present in 63% of patients who died 

and in 13% of those who survived. The mortality risk for cirrhotic patients was 

higher in hyponatraemic patients, regardless of the severity of disease (Ruf et al., 

2005).  
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The degree of ECF expansion or overhydration can be accurately measured as the 

ratio of TBW to FFM. In healthy individuals, this ratio is approximately 0.73 (Wang 

et al., 1999). It is understood that a degree of overhydration occurs in almost any 

disease state (Moore & Boyden, 1963). The prevalence of overhydration in patients 

with cirrhosis was 65% in the NZLTU cross-sectional study (Peng et al., 2007). 

Overhydration also appears to increase with worsening severity of liver disease, 

72.9%, 80.4% and 82.6 % for Child-Pugh A, B and C respectively (Prijatmoko et al., 

1993). As overhydration is prevalent even in compensated disease, it may be a 

prognostic indicator for survival in these patients. If so, this would be clinically 

useful because it identifies a state that occurs early in the disease process. Further, it 

would be important to understand its interaction with serum sodium, which may be a 

surrogate for overall hydration status. 

 

Chapter 1 outlined the importance of measuring REE in cirrhotic patients. A subset 

of patients is hypermetabolic, which refers to their measured REE being significantly 

greater than predicted. These patients are at a higher risk of complications in both the 

cirrhotic state and post-OLT (Selberg et al., 1997; Tajika et al., 2002). The NZLTU 

estimated the prevalence of hypermetabolism to be 15%, based upon detailed body 

composition measurements in 268 patients and predicted REE (REEp) estimated 

from FFM (Peng et al., 2007). Hypermetabolism was not associated with sex, 

severity of disease, disease origin, malnutrition (protein depletion), ascites or 

presence of HCC (Peng et al., 2007). Therefore, it appears to be an extrahepatic 

manifestation of cirrhosis, of which the aetiology is still unknown (Muller et al., 
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1999). Whether it can accurately predict survival in cirrhosis is still unknown and it 

has not been compared to the MELD or CPS.  

 

The use of BIA in body composition research has gained momentum over the last ten 

years. It is accepted as a clinical research tool because of the reproducibility of its 

results, and its portability and safety. The main uses are to measure ICW, ECW and 

TBW, as well as to estimate TBF and BCM. The general principles behind BIA are 

discussed in Chapter 2. 

 

When resistance (R) and reactance (Xc) are plotted against each other, the 

subsequent impedance vector lies at an angle known as the phase angle (PA) (see 

Figure 3.2). Mathematically, PA can be calculated as PA (°) = arctan (Xc/R) x 

(180/π) (Baumgartner et al., 1988). PA has attracted considerable research interest, 

as it does not rely upon regression equations to compute its value. 

 

Figure 3.2. The graphical derivation of phase angle and its relationship to 

resistance and reactance, adapted from Kyle et al. (2004) 
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The exact biological meaning of PA is unclear (Barbosa-Silva et al., 2005). It is 

suggested that it is a measure of cellular integrity and may reflect the ratio of 

ICW/ECW (Schwenk et al., 2000). It has also been used as a marker of nutritional 

status in both adult and paediatric populations and following nutritional intervention 

(Maggiore et al., 1996; Nagano et al., 2000; Mika et al., 2004).  

 

Other studies have used it as a predictor of survival. Gupta et al. investigated PA as a 

predictor of survival in advanced colorectal and pancreatic cancer (Gupta et al., 

2004; Gupta et al., 2004). In colorectal cancer patients, it was shown that PA ≤5.57° 

conferred a median survival of 8.6 months versus 40.4 months otherwise. The 

authors compared PA to serum albumin, prealbumin, transferrrin, and nutritional 

status assessed by subjective global assessment but only PA emerged as an 

independent predictor. A similar study in pancreatic cancer showed PA <5.0° 

conferred a worse median survival (6.3 versus 10.2 months). Again, it independently 

predicted survival when compared to other markers of nutritional status. A striking 

finding was in AIDS patients, where PA <5.3° was associated with significantly 

worse survival (Schwenk et al., 2000). When PA was compared to twelve prognostic 

factors, including CD4+ counts, it emerged as the best single predictor of survival. 

PA has also been shown to be prognostic in patients with renal failure and those on 

peritoneal dialysis (Fein et al., 2002).  

 

There has been only one study of PA in liver cirrhosis. PA was investigated in a 

number of patient cohorts and healthy volunteers (Selberg & Selberg, 2002). The 

cirrhotic cohort was assessed prospectively for survival time. A weak correlation was 

found between PA and urinary creatinine excretion, TBK, mid-arm muscle 
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circumference (MAMC) and serum albumin. Hydration status (presence or absence 

of ascites) was also correlated with PA. When the survival curve was plotted (see 

Figure 3.3), it was shown that patients had worse chances of survival as the PA 

decreased. The authors concluded that PA is a marker of clinically relevant 

malnutrition (Selberg & Selberg, 2002). 

 

 

Figure 3.3. Mortality according to reducing PA in a cirrhotic cohort of patients, 

adapted from Selberg et al. (2002) 

 

Chapter 1 outlined the prevalence of malnutrition in cirrhotic patients, and the 

morbidity and mortality associated with a poor nutritional state. However, none of 

these studies has used gold standard tools such as IVNAA to measure TBP (see 

Chapter 2). Further, as the nutritional state was removed from the CPS, it would be 

important to assess whether loss of TBP can independently predict survival in 

patients with cirrhosis. The current longitudinal study aims to assess the prognostic 
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ability of serum sodium, REE, PA and TBP for predicting survival in cirrhotic 

patients. 

 

3.2. Methods 

3.2.1. Patients 

 

The BCL database of all patients with cirrhosis referred for nutritional assessment 

was accessed for this study. These patients were all enrolled in studies conducted by 

the BCL and NZLTU, which were approved by the Northern regional ethics 

committee. Each patient provided signed informed consent to be a participant in 

those studies. Accessing the database of these patients allowed the inclusion of those 

patients with liver cirrhosis (confirmed by imaging or biopsy) referred for nutritional 

assessment between December 1997 and August 2005. Patients were excluded if 

they were on the OLT waiting list at the time of referral or had proven HCC. Patients 

underwent baseline measurements as described below and were followed for two 

major outcomes of cirrhosis: OLT or death. Patients alive and not transplanted at the 

end of the follow-up were censored. 

 

Patient demographics, aetiology of liver disease, CPS and MELD scores were 

recorded at the time of assessment. The MELD score was calculated using the 

formula of Kamath et al. (Kamath et al., 2001). Ascites was assessed clinically as 

present or absent. β-blocker usage was recorded at the time of assessment.  



 

66 

 

3.2.2. Body composition 

 

Comprehensive body composition analysis was undertaken including body weight, 

TBP, TBF and TBW. PI is the ratio of TBP to predicted TBP as described in Chapter 

2.  

 

3.2.3. Serum sodium 

 

Serum sodium measurements taken as close to the day of nutritional assessment as 

possible were extracted from patient notes. Hyponatraemia was defined as serum 

sodium less than 135 mmol/L and sub-classified as mild (131–134mmol/L), 

moderate (125–130mmol/L) or severe (<125mmol/L).  

 

3.2.4. Hydration status 

 

Hydration was defined as TBW expressed as a percentage of the FFM, where the 

latter was calculated as body weight minus TBF. Overhydration was defined as 

hydration >76%, which represents two standard deviations above the mean (73%) 

for the distribution of this variable in 176 healthy male and female volunteers who 

underwent the measurements described above in the BCL. These measurements were 

performed in the BCL prior to the current study. 
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3.2.5. REE 

 

REE was measured using a ventilated hood open-circuit indirect calorimeter 

(Deltatrac Metabolic Monitor, Datex Instruments, Helsinki, Finland), as described in 

Chapter 2. For each patient, REEp was calculated using the following equations 

based on a hydration-corrected FFM (FFMc), as described below, or TBP 

respectively. These equations were developed from measurements of 80 healthy 

volunteers in the BCL. 

 

REEp (kcal/day) = 16.85 FFMc(kg) + 725 (standard error of the estimate (SEE) = 

174 kcal/day, r
2 
= 0.52)  

 

REEp (kcal/day) = 68.21 TBP(kg) + 854 (SEE=171 kcal/d, r
2
=0.44 ) 

 

Patients were deemed to be hypermetabolic if the ratio REE/REEp >1.22 for FFMc 

prediction and >1.21 for TBP prediction. These cut-offs represent two standard 

deviations above the mean (unity) for the distribution of this ratio in the healthy 

volunteers. Prediction equations using FFM were developed prior to the current 

study. The equations for prediction utilising TBP were developed as part of the 

current study methodology. 

 

REEp was also calculated using the Harris-Benedict equations (Harris & Benedict, 

1919):  

 

For males: REEp = 66.5 + 13.8 weight (kg) + 5.0 height (cm) – 6.8 age (y). 
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For females: REEp = 655.1 + 9.6 weight (kg) + 1.9 height (cm) – 4.7 age (y). 

 

Hypermetabolism was defined using these equations to be REE/REEp >1.2 (Muller 

et al., 1999). 

 

The derivation FFMc is as follows. The measured FFM consists of a component 

(FFMc) containing water (TBWc) at normal hydration, plus a component that 

represents the deviation of measured TBW from the water that accompanies FFMc 

(i.e. TBW  TBWc). Hence, FFM = FFMc + TBW  TBWc. Rearranging this 

equation: FFMc = FFM (1  TBW/FFM) / (1  TBWc/FFMc), where TBWc/FFMc 

is the ratio of TBW to FFM in healthy subjects (i.e. 0.73) (Plank et al., 2001). 

 

3.2.6. Bioelectrical impedance phase angle 

 

BIA was performed as described in Chapter 2. PA was calculated utilising the R and 

Xc output:  

 

PA = arctangent Xc/R x 180/ (Baumgartner et al., 1988). 

 

Normal ranges for PA were determined from healthy controls, according to both sex 

and ethnicity (see Table 3.2). The cut-offs represent two standard deviations below 

the mean for the distribution of PA in the normal volunteers who underwent 

measurements using the same machine in the BCL. These measurements were 

performed prior to the current study. Accuracy of the BIA instrument was checked 
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regularly against a standard resistor according to the manufacturer’s instructions. 

Accuracy and precision assessments for PA were not carried out for this work but 

would provide useful information in future studies. 

 

Table 3.2. Reference normal values for PA according to ethnicity 

Ethnic Group N Age Mean PA ± SD Low PA 

Cut-off 

MALE     

European 171 17–82 6.9 ± 1.0 <5.0° 

Asian 114 19–74 6.2 ± 0.7 <4.7° 

Maori 86 20–70 6.9 ± 1.1 <4.6° 

Pacific Islander 80 20–70 6.5 ± 0.9 <4.7° 

FEMALE     

European 193 17–82 6.3 ± 1.1 <4.1° 

Asian 102 19–74 5.4 ± 0.8 <3.8° 

Maori 85 20–70 6.1 ± 1.2 <3.7° 

Pacific Islander 89 20–70 5.9 ± 0.7 <4.5° 

PA: Phase Angle, SD: Standard Deviation  

 

3.2.7. Statistical methods 

 

The Mann-Whitney and χ
2 

tests were used for between-group comparisons and the 

Spearman rank test was used to examine bivariate associations. Values are mean ± 

standard error of the mean (SEM) unless otherwise stated. P values <0.05 were 

considered significant. Statistical analyses were performed using STATA version 9 

(StataCorp., College Station, T.X.). 

 

3.2.7.1. Kaplan-Meier survival analysis 

 

TFS was defined as time to death or OLT. Kaplan-Meier (KM) survival curves, 

treating death, or transplant as indistinguishable events, were compared between 

subgroups of patients using the log-rank test. 
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3.2.7.2. Cox proportional hazards analysis (competing risks analysis) 

 

The typical outcome measure in survival analysis is mortality. However, patients 

with cirrhosis may endure one of two possible outcomes: death or OLT. OLT should 

be viewed as a ‘competing risk’ (CR) in survival analyses for cirrhotic patients. A 

CR is defined as ‘an event, which either hinders the observation of the event of 

interest or alters its probability of occurrence’ (Gooley et al., 1999). 

 

An alternative method to the standard Cox model, which takes into account CR, was 

proposed by Lunn and McNeil (Lunn & McNeil, 1995). This ‘data amplification 

technique’ can be used with standard statistical software and utilises a Cox 

regression stratified by the type of failure. Assuming two possible outcomes, death 

and OLT, patient data needs to be entered twice into a database. Each line of the 

database would appear as follows:  

 

Table 3.3. Dataset example for data amplification technique for CR, Cox 

proportional hazards analysis, adapted from Lunn et al. (1995) 

Subject Time Status Failure Type 

s T 1 Death (1) 

s T 0 OLT (0) 

 

For subject ‘s’, a failure has occurred at time ‘T’ for the outcome ‘death’. On the 

second line, for the other CR (OLT), ‘s’ was censored. For a patient censored at time 

‘T’, both entries will be status ‘0’. When regression analysis is performed, it is run 

stratified for each failure type, death or OLT. Interaction terms (for example, sodium 

x failure type) are used to assess whether the hazard ratio generated is independent of 
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either outcome. Significant interaction terms indicate that the underlying hazards are 

different for death and OLT. 

 

The Cox CR approach has been advocated in wait-listed patients for liver and renal 

transplantation (Smits et al., 1998; Kim et al., 2006). Univariate and multivariate CR 

Cox-proportional hazard analyses were performed to determine the prognostic 

influence of demographic and predictor variables of interest. The ratio of REE/REEp 

was multiplied by a factor of ten so that each unit change represented an increase in 

the ratio by 0.1. The c-statistic (Harrell’s C) or area under the receiver operating 

characteristic curve was also calculated (Pencina & D’Agostino, 2004). 

 

3.3. Results 

3.3.1. Patient characteristics 

 

Complete data were obtained for 244 patients. Baseline characteristics are shown in 

Table 3.4. Median duration of follow-up was 49 (range: 1–90) months. One hundred 

(41%) patients underwent OLT and 30 (12%) died. The remainder were censored at 

follow-up. 
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Table 3.4. Patient demographic and baseline characteristics of 244 patients who 

underwent body composition analysis and energy expenditure measurements 

MELD: Model for end-stage liver disease, Number of patients (%), mean ± SEM or 

median (range) 

* P<0.05 t-test, 
α
 P<0.05 Mann-Whitney test, 

β
P<0.05 chi

2
 test of proportions 

compared to previous column 

 

Fifty-four patients were hyponatremic (22%), of whom 37 were classified as mild, 

thirteen moderate and four severe. Hyponatremia was associated with ascites, higher 

hydration, a higher MELD score, and protein malnutrition (see Table 3.5). 

 Patients 

(n=244) 

M:F 160:84 

Age (y) 49 (16–73) 

Height (cm) 169 ± 0.6 

Weight (kg) 75 ± 0.9 

MELD score 13 (6–36) 

Child-Pugh score 8 (5–15) 

Primary aetiology  

  Viral 120 (49) 

  Alcohol 43 (18) 

  Cholestatic 29 (12) 

  Other 52 (21) 

Serum sodium (mmol/L) 137 ± 0.3 

Hydration (%FFM) 77.2 ± 0.1 

Resting energy expenditure 

(kcal/d) 

1574 ± 20 

Phase Angle (°) 4.7 ± .07 

Fat-free mass corrected (kg) 45.9 ± 0.6 

Total body protein (kg) 8.8 ± 0.1 

Protein Index (%) 81.8 ± 0.5 

Total body water (L) 42.2 ± 0.6 

Ascites 69 (28) 

Total body fat (kg) 20.7 ± 0.6 

Transplant or death 130 (53) 
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Table 3.5. Patient demographic and baseline characteristics according to serum 

sodium in patients with liver cirrhosis 

MELD: Model for end-stage liver disease, NS: not-significant, Number of patients 

(%), mean ± SEM or median (range) 

* t-test, 
α
 Mann-Whitney test, 

β
chi

2
 test of proportions compared to previous column 

 

There were 168 (69%) overhydrated patients. This group had more males than 

females (70%, P<0.05), greater median age (51 [19–73] versus 47 [16–71], P<0.05) 

and MELD score (14 (6–36) versus 11 (6–26), P<0.05), and 70% had low sodium 

(P<0.05). Hydration status and serum sodium were inversely associated (r = –0.24, 

P=0.001). 

 All 

(n=244) 

Normal 

sodium 

(n=190) 

  Low 

sodium      

(n=54) 

P 

M:F 160:84 125:65 35:19 NS 

Age (y) 49 (16–73) 49 (16–73) 49 (25–70) NS 

Height (cm) 169 ± 0.6 169 ± 1.0 167 ±1.0 NS 

Weight (kg) 75 ± 0.9 76 ± 1.0  73 ± 2.0 NS 

MELD score 13 (6–36) 12 (6–36) 16 (8–30)
α 

<0.00

01 

Child-Pugh score 8 (5–15) 8 (5–14) 10 (5–15)
 α

 <0.00

01 

Primary aetiology    0.03 

  Viral 120 (49) 102 (54) 18 (33)
β 

 

  Alcohol 43 (18) 28 (15) 15 (28)  

  Cholestatic 29 (12) 23 (12) 6 (11)  

  Other 52 (21) 37 (19) 15 (28)  

Hydration (%FFM) 77.2 ± 0.1 76.9 ± 0.1 78.2 ± 0.3* <0.00

05 

Resting energy expenditure 

(kcal/d) 

1574 ± 20 1591 ± 24 1512 ± 38 NS 

Phase Angle (°) 4.7 ± .07 4.8 ± 0.1 4.6 ± 0.2 NS 

Fat-free mass corrected (kg) 45.9 ± 0.6 46.8 ± 0.7 43.1 ± 1.2* 0.01 

Total body protein (kg) 8.8 ± 0.1 8.9 ± 0.1 8.0 ± 0.3* 0.002 

Protein Index (%) 81.8 ± 0.5 83.5 ± 0.6 75.9 ± 0.9 <0.00

01 

Total body water (L) 42.2 ± 0.6 42.3 ± 0.6 42.1 ± 1.3 NS 

Ascites 69 (28) 41 (22) 28 (52)
 β
 <0.00

01 

Total body fat (kg) 20.7 ± 0.6 21.2 ± 0.7 18.8 ± 1.4 NS 

Transplant or death 130 (53) 88 (46) 42 (78)
 β
 0.001 
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Thirty-six patients (15%) were hypermetabolic as determined by FFMc prediction of 

REE. Both REE prediction equations utilising body composition parameters 

identified more hypermetabolic patients than the Harris-Benedict equations (see 

Table 3.6). With one exception, all patients identified as hypermetabolic by Harris-

Benedict equations were also identified by the FFMc- and TBP-based predictions.  

 

Table 3.6. Patient demographic and baseline characteristics according to 

hypermetabolism status in patients with liver cirrhosis 

MELD: Model for end-stage liver disease, NS: not-significant, Number of patients 

(%), mean ± SEM or median (range) 

* P<0.05 t-test, 
α
 P<0.05 Mann-Whitney test, 

β
P<0.05 chi

2
 test of proportions 

compared to previous column 

 

 All 

(n=244) 

 Not 

hypermetabo

lic  (n=208) 

Hypermetab

olic        

(n=36) 

P 

M:F 160:84 136:72 24:12 NS 

Age (y) 49 (16–73) 49 (16–73) 44 (20–64)
 α

 0.02 

Height (cm) 169 ± 0.6 169 ± 1.0 171 ± 1.0 NS 

Weight (kg) 75 ± 0.9 74 ± 1.0 84 ± 2.9* 0.000

1 

MELD score 13 (6–36) 13 (6–36) 15 (7–32) NS 

Child-Pugh score 8 (5–15) 8 (5–15) 9 (5–13) NS 

Primary aetiology    NS 

  Viral 120 (49) 103 (49) 17 (48)  

  Alcohol 43 (18) 38 (18) 5 (14)  

  Cholestatic 29 (12) 22 (11) 7 (19)  

  Other 52 (21) 45 (22) 7 (19)  

Serum sodium (mmol/L) 137 ± 0.3 137 ± 0.3 137 ± 0.6 NS 

Hydration (%FFM) 77.2 ± 0.1 77.1 ± 0.1 77.8 ± 0.2 NS 

Phase Angle (°) 4.7 ± .07 4.8 ± 0.1 4.6 ± 0.2 NS 

Fat-free mass corrected (kg) 45.9 ± 0.6 45.4 ± 0.6 49 ± 1.7* 0.03 

Total body protein (kg) 8.8 ± 0.1 8.6 ± 0.1 9.5 ± 0.3* 0.02 

Protein Index (%) 81.8 ± 0.5 81.8 ± 0.8 81.8 ± 1.3 NS 

Total body water (L) 42.2 ± 0.6 41.5 ± 0.6 46.3 ± 1.5* 0.003 

Ascites 69 (28) 62 (29) 7 (19) NS 

Total body fat (kg) 20.7 ± 0.6 19.9 ± 0.7 25 ± 1.9* 0.01 

Transplant or death 130 (53) 106 (51) 24 (67) NS 
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Table 3.7. Prevalence of hypermetabolism and median survival for 

hypermetabolic patients where REE was predicted from three different 

equations 

  REE predicted from  

 Weight
a
 Fat-free mass

b
 Total body 

protein 

No. Hypermetabolic (%) 19 (8) 36 (15) 47 (19) 

Measured/predicted REE
 

1.30 ± 0.02
 

1.32 ± 0.01  1.33 ± 0.01
 

Median Survival (mo) 8.4 9.7 9.7 

Mean ± SEM, 
a 
Harris-Benedict equations, 

b 
corrected to normal hydration 

 

In the following, unless specified otherwise, ‘hypermetabolism’ is defined according 

to the FFMc prediction. Hypermetabolism was associated with increased body 

weight, FFMc, TBP, TBW and TBF (P<0.05) but not significantly associated with 

higher MELD and CPS (P>0.05). The prevalence of protein depletion was similar in 

the two groups (P =0.96) as was the prevalence of ascites (P =0.35). Only 13% of 

patients with hypermetabolism were taking -blockers compared to 32% of 

normometabolic patients (P =0.026). 

 

Mean PA was 4.7 ± 0.07 (SEM); 45% of patients had a low PA. Low PA patients 

were predominantly male, older and had higher CPS and MELD scores. Further, a 

higher proportion of ETOH-related cirrhotic patients had low PA. Low PA patients 

were more overhydrated with lower PI compared to normal PA patients (see Table 

3.8). 
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Table 3.8. Patient demographic and baseline characteristics according to phase 

angle in patients with liver cirrhosis 

MELD: Model for end-stage liver disease, NS: not-significant, Number of patients 

(%), mean ± SEM or median (range) 

* P<0.05 t-test, 
α
 P<0.05 Mann-Whitney test, 

β
P<0.05 chi

2
 test of proportions 

compared to previous column 

 

The prevalence of protein depletion was 50%. There were more males represented in 

the protein-depleted group and this group was older, with higher CPS and MELD 

scores. A higher proportion of ETOH-related cirrhotics was protein depleted (81%) 

compared to those who were not protein depleted (19%). Hydration of the FFM was 

significantly higher, and PA and FFMc were significantly lower in patients with 

 All 

(n=244) 

Normal 

Phase 

Angle 

(n=134) 

Low Phase 

Angle      

(n=110) 

P 

M:F 160:84 78:56 82:28
β 

0.008 

Age (y) 49 (16–73) 47 (19–67) 54 (16–73)
α 

<0.0001 

Height (cm) 169 ± 0.6 169 ± 0.8 169 ±0.8 NS 

Weight (kg) 75 ± 0.9 75 ± 1.3  76 ± 1.4 NS 

MELD score 13 (6–36) 12 (6–26) 16 (6–36)
 α

 <0.0001 

Child-Pugh score 8 (5–15) 7 (5–15) 10 (5–14)
 α

 <0.0001 

Primary aetiology    <0.0001 

  Viral 120 (49) 76 (57)  44 (40)
 β

  

  Alcohol 43 (18) 6 (4) 37 (33)  

  Cholestatic 29 (12) 22 (16) 7 (6)  

  Other 52 (21) 30 (23) 22 (21)  

Serum sodium (mmol/L) 137 ± 0.3 137.4 ± 0.4  137 ± 0.4 NS 

Hydration (%FFM) 77.2 ± 0.1 76.3 ± 0.2 78.3 ± 0.2* <0.0001 

Resting energy 

expenditure (kcal/d) 

1574 ± 20 1579 ± 27 1568 ± 32 NS 

Fat-free mass corrected 

(kg) 

45.9 ± 0.6 46.8 ± 0.8 44.9 ± 0.8 NS 

Total body protein (kg) 8.8 ± 0.1 9.0 ± 0.2 8.3 ± 0.2* 0.03 

Protein Index (%) 81.8 ± 0.5 86.1 ± 0.9 76.6 ± 0.9 <0.0001 

Total body water (L) 42.2 ± 0.6 40.9 ± 0.8 43.8 ± 0.8* 0.01 

Ascites 69 (28) 30 (22) 39 (35)
 β
 0.001 

Total body fat (kg) 20.7 ± 0.6 21.1 ± 0.9 20.1 ± 0.9 NS 

Transplant or death 130 (53) 64 (48) 66 (60) NS 
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protein depletion than in those with normal protein stores. There was a higher 

proportion of patients with ascites in the depleted group.  

Table 3.9. Patient demographic and baseline characteristics according to 

protein depletion in patients with liver cirrhosis 

MELD: Model for end-stage liver disease, NS: not-significant, Number of patients 

(%), mean ± SEM or median (range) 

* P<0.05 t-test, 
α
 P<0.05 Mann-Whitney test, 

β
P<0.05 chi

2
 test of proportions 

compared to previous columns 

 All 

(n=244) 

Not 

Protein 

depleted 

(n=121) 

Protein 

depleted 

(n=123) 

P 

M:F 160:84 57:64 103:20
 β

 <0.0001 

Age (y) 49 (16–73) 47 (16–70) 51 (19–73)
 α

 0.02 

Height (cm) 169 ± 0.6 167 ± 0.9 170 ± 0.8* 0.006 

Weight (kg) 75 ± 0.9 75.9 ± 1.5 74.7 ± 1.3 NS 

MELD score 13 (6–36) 12 (6–36) 14 (6–32)
 α

 0.004 

Child-Pugh score 8 (5–15) 8 (5–13) 9 (5–15)
 α

 0.0003 

Primary aetiology    <0.0001 

  Viral 120 (49) 75 (62) 45 (37)
 β
  

  Alcohol 43 (18) 8 (7) 35 (28)  

  Cholestatic 29 (12) 14 (12) 15 (12)  

  Other 52 (21) 24 (19) 28 (23)  

Serum sodium (mmol/L) 137 ± 0.3 137.9 ± 

0.4 

136.3 ± 0.4* 0.004 

Hydration (%FFM) 77.2 ± 0.1 76.2 ± 0.2 78.1 ± 0.2* <0.0001 

Resting energy expenditure 

(kcal/d) 

1574 ± 20 1586 ± 29 1561 ± 29 NS 

Phase Angle (°) 4.7 ± .07 4.9 ± 0.1 4.4 ± 0.1* 0.0004 

Fat-free mass corrected (kg) 45.9 ± 0.6 47.3 ± 0.9 44.6 ± 0.7* 0.03 

Total body water (L) 42.2 ± 0.6 41.3 ± 0.9 43.2 ± 0.7 NS 

Ascites 69 (28) 26 (21) 43 (35)
 β
 0.008 

Total body fat (kg) 20.7 ± 0.6 21.9 ± 0.9 19.5 ± 0.9 NS 

Transplant or death 130 (53) 62 (51) 68 (55) NS 
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3.3.2. KM survival analysis 

 

TFS was shorter in patients with hyponatremia compared to those with a normal 

serum sodium level at baseline (median 6.2 versus 44.1 months, P<0.0001) (see 

Figure 3.4) with five-year TFS being 16% and 49% respectively.  

 

 

Figure 3.4. Comparison of KM TFS curves for patients with normal (≥135 

mmol/L) and those with low (<135mmol/L) serum sodium (P<0.0001) 

 

Overhydration was associated with reduced TFS (P=0.0001) (see Figure 3.5), with 

the five-year TFS being 33% in over-hydrated patients compared to 62% in patients 

with normal hydration at baseline. 
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Figure 3.5. Comparison of KM TFS curves for patients without overhydration 

and those with overhydration (TBW >76% of FFM, P=0.0002) 

 

There was a trend towards shorter TFS in hypermetabolic patients compared to those 

with normal energy expenditure (median 9.7 versus 31.8 months, P =0.09) with five-

year TFS being 27% and 44%, respectively (see Figure 3.5). Hypermetabolism was 

associated with reduced TFS when the Harris-Benedict equations were used to 

determine hypermetabolism rather than FFMc prediction (median 8.4 versus 31.8 

months, P=0.03), with 21% and 44% five-year survival respectively (see Figure 3.6).  
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Figure 3.6. KM survival curves comparing non-hypermetabolic versus 

hypermetabolic patients as predicted by FFM corrected to normal hydration 

(solid lines; P=0.09) and the Harris-Benedict equations (dashed lines; P=0.014) 

 

Patients who were not hypermetabolic and not taking -blockers (n=135) were 

grouped into quartiles based on increasing REE/REEp ratio (0.74–0.91 n=33, 0.92–

1.00 n=35, 1.01–1.07 n=34, 1.08–1.21 n=33). TFS worsened progressively as 

REE/REEp increased (P=0.002) (see Figure 3.7).  
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Figure 3.7. KM survival curves comparing non-hypermetabolic patients not 

taking -blockers (n=140) grouped into quartiles according to increasing 

REE/REEp ratio (0.74–0.91 solid line, 0.92–1.00 dotted, 1.01–1.07 dash, 1.08–

1.21 dash-dot; P=0.002) 

 

TFS was shorter in patients with low PA compared to those with normal PA at 

baseline (median 16.0 versus 40.7 months, P=0.02) (see Figure 3.8). This 

corresponded to a five-year survival of 33% for low PA patients versus 49% for 

those with normal PA. 
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Figure 3.8. KM survival curves comparing transplant-free survival in patients 

with low PA versus patients with normal PA (P=0.02) 

 

The TFS of protein depleted patients was not significantly different to those with 

normal body protein at baseline (median 14.3 versus 37.6 months, P=0.10) (see 

Figure 3.9). This five-year survival was 39% in protein-depleted patients versus 44% 

in non-depleted patients. 
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Figure 3.9. KM survival curves comparing transplant-free survival in 

malnourished (PI <0.82) patients and non-malnourished patients (P=0.10) 

 

3.3.3. Competing risks analysis 

3.3.3.1. Univariate 

 

Univariate CR models stratified for event type were used to estimate hazard ratios 

for age, sex, MELD score, CPS, serum sodium, hydration, REE/REEp, PA and PI. 

Except for hydration (P=0.018), interactions between each covariate and event type 

were not significant, indicating similarity of the hazard ratios for death or transplant. 

Table 3.10 lists the mean hazard ratios for these variables.  
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Table 3.10. Mean hazard ratios for risk of death or transplant by univariate 

CRs, Cox regression analysis 

 HR 95% CI   P  

Continuous Variables    

Age (y) 1.00 0.99–1.02 0.42 

MELD score 1.13 1.09–1.17 <0.0001 

Child-Pugh score 1.36 1.09–1.17 <0.0001 

Serum sodium (mmol/L) 0.90 0.87–0.94 <0.0001 

Hydration (%) 1.22 1.12–1.32 <0.0001 

10xree/reep 1.21 1.09–1.35 <0.0001 

Protein index (%) 0.98 0.97–1.00 0.10 

Phase angle 0.81 0.69–0.94 0.009 

Categorical Variables    

Female
 

1.00 – – 

Male 0.96 0.67–1.37 0.80 

Etiology    

  - HBV/HCV
 

1.00 – – 

  - PBC/PSC 2.08 1.27–3.39 0.003 

  - Alcohol-related 0.83 0.49–1.42 0.49 

  - Other 1.25 0.78–1.99 0.36 

Serum sodium    

  - Normal sodium
 

1.00 – – 

  - 130-134 mmol/L 2.30 1.49–3.56 <0.0001 

  - 125–129 mmol/L 2.99 1.76–5.09 <0.0001 

  - <125 mmol/L 4.55 1.02–20.26 0.046 

HR: hazard ratio, CI: confidence interval, HBV: hepatitis B virus, HCV: hepatitis C 

virus, PBC: primary biliary cirrhosis, PSC: primary sclerosing cholangitis, REE: 

resting energy expenditure, REEp: predicted resting energy expenditure, MELD: 

model for end-stage liver disease score 

 

3.3.3.2. Multivariate 

 

The relationship between predictors of survival, MELD and CPS were tested in a 

CR, Cox proportional hazards model. Each univariate predictor was regressed with 

either the MELD score or CPS (see Table 3.11). The hydration interaction term was 

significant in univariate analysis and was included in the model. Compared to the 

MELD score, serum sodium, hydration index and REE were independently 

predictive of TFS. Further, serum sodium between 125–129mmol/L was also 
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independently predictive. Similar results were found when compared to the CPS; 

serum sodium, hydration and REE were independently predictive of TFS when 

compared to the CPS. Serum sodium 125–129 mmol/L was independently predictive 

of TFS when compared to CPS.  
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Table 3.11. Mean hazard ratios for risk of death or transplant by bivariate CRs, 

Cox regression analysis 

 HR 95% CI   P 

MELD score    

Serum sodium 0.94 0.89–0.98 0.002 

MELD 1.11 1.07–1.16 <0.0001 

Serum sodium    

  - Normal sodium
 

1.00 – – 

  - 130–134 mmol/L 1.61 0.96–2.69 0.07 

  - 125–129 mmol/L 2.48 1.63–3.75 <0.0001 

  - <125 mmol/L 3.03 0.60–15.16 0.18 

MELD 1.12 1.08—1.16 <0.0001 

Hydration 1.14 1.05—1.24 0.002 

Hydration interaction term 1.00 0.99–1.11 0.53 

MELD 1.11 1.07–1.15 <0.0001 

10xREE/REEp 1.19 1.07–1.33 0.002 

MELD 1.12 1.08–1.17 <0.0001 

Phase Angle 0.91 0.76–1.08 0.29 

MELD 1.12 1.08—1.16 <0.0001 

Protein Index (%) 0.99 0.98—1.01 0.78 

MELD 1.13 1.08—1.11 <0.0001 

CPS    

Serum sodium 0.96 0.92–1.00 0.009 

CPS 1.33 1.23–14.32 <0.0001 

Serum sodium    

  - Normal sodium
 

1.00 – – 

  - 130–134 mmol/L 1.29 0.78—2.10 0.33 

  - 125–129 mmol/L 1.74 0.99–3.02 0.05 

  - <125 mmol/L 1.89 0.45–7.97 0.38 

CPS 1.33 1.24—1.46 <0.0001 

Hydration 1.11 1.03—1.20 0.009 

Hydration interaction term 1.00 0.99–1.01 0.48 

CPS 1.32 1.23–1.41 <0.0001 

10xREE/REEp 1.19 1.06–1.33 0.004 

CPS 1.36 1.27–1.47 <0.0001 

Phase Angle 0.95 0.79–1.12 0.55 

CPS 1.36 1.27—1.45 <0.0001 

Protein Index (%) 1.00 0.99—1.01 0.93 

CPS 1.36 1.28—1.46 <0.0001 

HR: hazard ratio, CI: confidence interval, REE: resting energy expenditure, REEp: 

predicted resting energy expenditure, MELD: model for end-stage liver disease score 
 

A multivariate CR, Cox proportional hazards analysis was performed separately for 

MELD and CPS. Each of the univariate predictor variables were considered in the 
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analysis (sodium, 10xREE/REEp, hydration, PA, PI). Interaction terms (covariate x 

event type) were included if significant. The ‘hydration x type’ interaction term was 

significant and thus included in the multivariate models. Model 1 shows that when 

compared to the MELD score, sodium, REE/REEp, hydration and PI were 

independently predictive. Risk of death or transplant increased 7% for each mmol/L 

reduction in serum sodium, 16% for each unit increase in REE/REEp ratio, 17% for 

each per cent increase in hydration and 2% for each per cent increase in PI when 

compared to the MELD score. Model 2 compared covariates to the CPS. The 

significant predictors were sodium, REE/REEp and hydration. The Harrell’s C 

statistic increased from 0.70 (MELD alone) to 0.73 (Model 1) and from 0.73 (CPS 

alone) to 0.75 (Model 2).  
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Table 3.12. Mean hazard ratios for risk of death or transplant by multivariate 

CRs, Cox regression analysis 

 HR 95% CI   P 

Model 1    

MELD 1.09 1.06–1.14 <0.0001 

Sodium (mmol/L) 0.93 0.89–0.97 <0.0001 

10xREE/REEp 1.16 1.04–1.31 0.009 

Hydration (%) 1.17 1.06–1.29 0.002 

Protein Index (%) 1.02 1.00–1.04 0.032 

Model 2    

CPS 1.28 1.19–1.39 <0.0001 

Sodium (mmol/L) 0.95 0.91–0.99 0.027 

10xREE/REEp 1.16 1.03–1.31 0.017 

Hydration (%) 1.13 1.02–1.26 0.018 

HR: hazard ratio, CI: confidence interval, REE: resting energy expenditure, REEp: 

predicted resting energy expenditure, MELD: model for end-stage liver disease 

score, CPS: Child-Pugh score 

 

3.4. Discussion 

 

In the current study, various potential prognostic indicators in cirrhosis were 

compared to the MELD and CPS. Variables that were consistently predictive of TFS, 

independent of these prognostic scores, included serum sodium, hydration status and 

REE/REEp. Other variables such as PA and PI were not predictive of TFS 

independent of the MELD and CPS when compared in a multivariate CR, Cox 

regression analysis. 

 

A CR approach was applied in this work since it could not be assumed that OLT was 

an acceptable surrogate for death (Smits et al., 1998; Kim et al., 2006). Whilst 

patients with HCC were excluded, since they may undergo OLT for reasons other 

than progression of liver disease, it could be argued that OLT in many patients may 

be carried out some time before death would otherwise occur. However, all of the 
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analyses indicated that the hazard ratios derived were not dependent on the type of 

outcome, justifying the use of a composite end-point, TFS 

 

Recent studies have demonstrated that serum sodium is an independent predictor of 

short-term survival in patients awaiting liver transplantation, leading to the proposal 

that serum sodium should be included in an amended MELD score (Heuman et al., 

2004; Biggins et al., 2005; Ruf et al., 2005). Heuman et al. demonstrated low serum 

sodium (<135 meq/L) and persistent ascites independently predicted early mortality 

in patients with MELD score <21 (Heuman et al., 2004). The study population was 

mostly male (98%) with non-cholestatic disease. In 513 wait-listed patients, Biggins 

et al. (2005) showed that MELD score and serum sodium were independent 

predictors of death. Similarly, in a study of 262 listed patients, Ruf et al. (2005) 

reported that the ability of the MELD score to predict mortality was improved with 

the addition of serum sodium. Serum sodium <130mmol/L at listing was present in 

63% of patients who died and 13% of those who survived.  

 

Several previous studies have reported that hyponatremia (≤130 mmol/L) in 

hospitalised cirrhotic patients is associated with higher rates of mortality. Borroni et 

al. suggested that hyponatremia was present in 30% of admissions and was 

associated with a three-fold higher mortality rate (Borroni et al., 2000). Porcel et al. 

demonstrated higher rates of in-hospital death amongst those patients with no 

obvious cause for their hyponatremia (Porcel et al., 2002). In a cohort of 

predominantly alcohol-related cirrhotic patients admitted for treatment of ascites, 

Fernández-Esparrach et al. demonstrated that serum sodium was a significant 

prognostic factor for survival (Fernandez-Esparrach et al., 2001). In the current 
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study, serum sodium also predicted TFS, independent of MELD scores, in cirrhotic 

patients who were not listed for transplant at the time of assessment, including those 

with low MELD scores. These findings confirm MELD and serum sodium as 

independent prognostic factors in patients with compensated and decompensated 

cirrhosis across a range of aetiologies. These results may therefore be generalisable 

across a range of patients with cirrhosis.  

 

Hyponatremia in cirrhosis is a manifestation of the complex pathophysiology, 

resulting in salt and water retention, systemic hypotension and eventual oliguric 

renal failure. The findings of the current study that overhydration and hyponatremia 

were associated with reduced TFS are not surprising, given the strong association 

between reduced renal water clearance, dilutional hyponatremia and subsequent 

hepato-renal syndrome (Gines et al., 1993; Cardenes, 2005).  

 

Hydration of the FFM is a sensitive measure of early water excess but few studies 

have measured it accurately in cirrhotic patients and none have estimated its 

prognostic value. In a cross-sectional study of 198 cirrhotic patients, Strauss et al. 

reported a mean hydration of 76.1% and 77.6% for males and females respectively 

(Strauss et al., 2000). In a study of 38 men with alcoholic cirrhosis, Prijatmoko et al. 

(Prijatmoko et al., 1993) showed that hydration increased with worsening severity of 

liver disease as measured by the CPS (72.9%, 80.4% and 82.6 % for Child-Pugh A, 

B and C respectively). In the current study, it is important to note that 68% of 

overhydrated patients had no clinical evidence of ascites and 74% had serum sodium 

levels >135mmol/l. Therefore, hydration status appears to be a more sensitive 

subclinical, marker of impaired renal water clearance in patients with liver disease. 
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Small changes in hydration as determined by the ratio of TBW to FFM may indicate 

substantial changes in TBW, since both the numerator and denominator increase 

with the latter. 

 

Since this study was completed, the MELD score has been adapted to incorporate 

serum sodium in the so-called MELDNa score. The MELDNa score is calculated as 

follows: 

 

MELDNa = MELD – Na – [0.025 x MELD x (140 – Na)] + 140 (Kim et al., 2008) 

 

The MELD and combined scores were validated against the entire 2005/2006 

waiting list database for the US (>10,000 patients). The researchers discovered that 

after adjusting for the MELD score, there was an inverse relationship between serum 

sodium and 90-day mortality on the waiting list. The effect of the combined score 

was greatest for those patients with hyponatraemia (Kim et al., 2008). Patients with 

low MELD scores and hyponatraemia stood to benefit the most, up to thirteen points. 

Once patients’ MELD scores were >30, the effect of being hyponatraemic was small. 

When the combined score was applied to the 2006 cohort, it was estimated that up to 

7% of the patients that died within 90 days may have received a transplant with the 

recalculated MELDNa score (Kim et al., 2008). However, a number of limitations 

have to be addressed before MELDNa becomes a widespread tool for allocating the 

scarce resource of donated livers. Serum sodium is not a static measurement but 

rather fluctuates with the fluid balance and diuretic use, hence it may be manipulated 

(Cardenas & Gines, 2008). Further, if patients with hyponatraemia are favoured with 

the new score, then these patients may have worse outcomes in the post-operative 
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period. Low sodium is associated with central pontine myelinolysis and increased 

mortality in the post-OLT period (Londono et al., 2006). If a liver is allocated to a 

patient with low sodium, it remains the responsibility of the patient’s physician to 

determine suitability for OLT (Kim et al., 2008). 

 

The current study demonstrated for the first time that hypermetabolism was 

associated with reduced TFS in patients with cirrhosis, irrespective of aetiology. 

Patients who were hypermetabolic were more likely to progress to death or 

transplantation sooner than those who were not hypermetabolic. Importantly, 

hypermetabolism as a prognostic factor was independent of the MELD and CPS. 

Further, the ratio of measured to REEp was an independent predictor of TFS, even 

within the normal range of values. This has not been previously reported. 

 

Few studies have assessed the long-term impact of elevated REE and none have 

evaluated the association between hypermetabolism, MELD score and survival. 

Tajika et al. reported that hypermetabolic patients experienced significantly shorter 

survival, in a study of cirrhotic patients with viral aetiology (Tajika et al., 2002). A 

number of cross-sectional studies have examined the prevalence of hypermetabolism 

in patients with cirrhosis. A direct comparison of these studies is difficult because of 

the wide range of approaches used to identify hypermetabolic patients. In the largest 

study to date, Müller et al. (1999) discovered that 34% (160/473) of patients were 

hypermetabolic, based on REE, greater than 120% of that predicted by the Harris-

Benedict equations. Patients were included in that study if they were admitted as 

potential candidates for liver transplantation. Data were not provided on the number 

of patients on β-blockers at the time of measurement. In the current study, only 8% 
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of patients were hypermetabolic using the same approach as Müller et al. (1999). 

The reasons for this substantial difference are not clear but may be related to the high 

prevalence of β-blocker prophylaxis in this current study. 

 

The definition of abnormally raised energy expenditure may be problematic in 

patients with cirrhosis for several reasons (Heymsfield & Waki, 1990; Muller et al., 

1994) A generally accepted approach is to relate the measured REE to that predicted 

from regression equations developed in appropriate control populations (Heymsfield 

& Waki, 1990). The predictor variables commonly use either body weight or FFM. 

While FFM is more closely related to the metabolising mass of the body, both 

variables are confounded by water retention, frequently found in cirrhotic patients. 

By correcting measured FFM to normal hydration, overhydration was controlled in 

the present study. This approach assumes validity of the FFM measurement by DXA 

in subjects with abnormal hydration. Such measurements are robust against 

substantial overhydration of this compartment, as demonstrated by measurements 

before and after paracentesis of ascites (Haderslev et al., 1999). The BCL has shown 

elsewhere that measurement of TBW using the multi-compartment approach agrees 

well with those of tritium dilution in catabolic patients (Plank et al., 1995; Plank & 

Hill, 2000). TBP provides a directly measured body compartment, which is also 

closely correlated with REE in normal individuals and is not confounded by 

pathological water accretion. This measure detected hypermetabolism in 19% of 

patients in this current study, compared to 15% when FFMc was used.  

 

The hypermetabolic patients in this study had higher MELD and CPS, indicating an 

association between hypermetabolism and severity of liver disease, which is in line 
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with the findings of Müller et al. (1999). This study has confirmed that the presence 

of ascites is not associated with hypermetabolism (Zarling et al., 1997). The 

aetiology of cirrhosis was also not associated with hypermetabolism. Whilst the data 

from this current study confirmed that hypermetabolism might be independent of 

severity of malnutrition, longitudinal body composition measurements are needed to 

determine whether hypermetabolism contributes to malnutrition. 

 

Regardless of its cause, hypermetabolism in cirrhotic patients signals poor prognosis, 

independent of the measures of severity of liver disease. Even within the normal 

range, higher REE was associated with worse TFS. Further studies directed at 

understanding the mechanisms leading to hypermetabolism are required with the aim 

of discovering treatments that have the potential to improve nitrogen balance in these 

patients and delay progression to death or the need for liver transplantation 

(Donaghy, 2002). 

 

PA was not a significant predictor of TFS in multivariate analysis. PA being a 

prognostic indicator in cirrhosis was first suggested in a study that demonstrated that 

cirrhotic patients with PA <5.4 had reduced mortality, and PA was an independent 

predictor of survival when compared to other nutritional indices (Selberg & Selberg, 

2002). The current study differs methodologically in a number of ways. CR 

methodology should be used in the statistical analysis of survival for these patients. 

In addition, studies of patients and normal volunteers have suggested that the 

distribution of PA varies according to sex and ethnicity. However, they were not 

stratified in the study by Selberg et al. (Piccoli et al., 2002; Dittmar, 2003; Barbosa-

Silva et al., 2005; Bosy-Westphal et al., 2006). Moreover, no relationship between 
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PA and CPS was found except that patients had a lower PA with a CPS of ten 

against six. CPS was not included in their multivariate Cox regression analysis. By 

including CPS or MELD in the multivariate analysis, this study was able to show 

that PA does not add survival information to either score as compared to serum 

sodium, REE or hydration.  

 

PI was assessed as a predictor of TFS in cirrhotic patients because of the strong 

association between malnutrition, morbidity and mortality both before and after OLT 

(DiCecco et al., 1989; Moller et al., 1994; Harrison et al., 1997; Figueiredo et al., 

2000). Further, TBP measured by IVNAA is considered the gold standard objective 

measurement of malnutrition compared to other techniques such as anthropometry 

(see Chapter 2). However, PI was not independently predictive of TFS compared to 

MELD and CPS. The significant hazard ratio identified in Model 1 suggests that for 

each unit increase in PI, there is a 2% increase in TFS. The prevalence of 

malnutrition (PI <82%) was 50% in the current study, which is similar to data 

previously published by the BCL (Peng et al., 2007). Many patients are identified 

with malnutrition; this may cause difficulties delineating which of these patients will 

have worse chances of survival. A much larger study would be required to 

demonstrate a difference in TFS between patients with normal nutrition and 

malnutrition. 

 

This study possesses both strengths and limitations. A key strength is the use of CR 

analysis, which has been suggested to be a valid statistical method in the transplant 

population. There was also complete follow-up of all patients and the measurement 

tools used, such as IVNAA, are considered state of the art. The cohort represents a 
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wide spectrum of disease severity and range of aetiologies and is therefore 

representative of the population of cirrhotic patients. However, the current study is a 

post-hoc analysis of data that was prospectively collected for other studies. Patients 

were all referred for nutritional assessment but referral patterns may differ amongst 

various units. The small increase in the Harrell’s C-statistic implies that the overall 

improvement in either MELD or CPS’s prognostic power is small with the addition 

of other variables. The models themselves are only able to explain approximately 

75% of the variability in TFS. Each variable has to be considered separately in terms 

of its utility for prognosis in cirrhosis. 

 

In conclusion, serum sodium, hydration status and REE were independent predictors 

of TFS compared to the MELD and CPS. Sodium is simple to measure and should 

be routine in the assessment of disease severity of patients with cirrhosis. The 

importance of overhydration and hypermetabolism has been suggested and the 

presence of either of these signals poor prognosis for cirrhotic patients. 
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Chapter 4. A randomised controlled trial of perioperative 

immunonutrition in patients undergoing orthotopic liver 

transplantation 

 

This chapter reports a randomised controlled trial (RCT) to investigate the effect of 

peri-operative IN on body composition, clinical outcome, physiological function, 

energy expenditure and QOL after elective OLT. 

 

4.1. Introduction 

 

The prevalence of malnutrition in OLT candidates approaches 100% (DiCecco et al., 

1989). Section 1.1.2.3 outlined the evidence indicating that post-transplant morbidity 

and mortality is greater in patients with malnutrition (Porayko et al., 1991; Lautz et 

al., 1992; Muller et al., 1992; Pikul et al., 1994). In 2006, the ESPEN consensus 

report on nutrition in cirrhosis stated ‘that it has not yet been shown that preoperative 

nutritional intervention improves clinically relevant outcomes’ (Plauth et al., 2006).  

 

Despite the opportunity for therapeutic intervention between listing and OLT, there 

has only been one published randomised prospective study of pre-OLT nutritional 

intervention (Le Cornu et al., 2000). This trial recruited only patients with 

malnutrition, who were eligible to receive either nutritional supplementation (n=42) 

or standard dietary advice (n=40) until the time of OLT. Both groups demonstrated 

an improvement in nutritional status and the supplemented group also demonstrated 

increased GS. There was a trend towards higher post-OLT mortality in the standard 
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advice group (7 versus 2, P=0.075) whereas infectious complications did not differ 

between the groups (Le Cornu et al., 2000). There were methodological limitations 

with this study. It was not blinded and the measurements used to assess malnutrition 

(skinfold anthropometry and GS) were not as robust as more sophisticated 

techniques such as IVNAA or DXA (see Chapter 2). There was no a priori power 

calculation and the study may have been underpowered for the comparison of 

changes in nutritional status and for differences in mortality. Whilst post-operative 

mortality was assessed at six months, key post-operative outcomes such as surgical 

and medical complications were not reported (Le Cornu et al., 2000).  

 

Section 1.4.2.1 introduced IN, a specialised nutritional supplement that contains -3 

FAs, arginine and nucleotides. A number of studies have suggested that these 

ingredients may benefit patients with cirrhosis undergoing OLT. Long-chain FA 

deficiency is noted in liver cirrhosis and is related to reduced bio-synthesis rather 

than reduced dietary intake (Burke et al., 1999). If such deficiencies were corrected 

with dietary supplementation, there may be improvements in physiological outcome 

(Burke et al., 1999). Arginine may suppress acute rejection and improve wound 

healing (Kim et al., 2006; Wilmore, 2004). Solutions enriched in nucleotides may 

have a role in the cytoprotection of damaged hepatocyte infrastructure as shown in 

animal models (Torres et al., 1998).  

 

A meta-analysis of RCTs of IN in major abdominal surgery was discussed in section 

1.4.4.2. The key benefits for patients undergoing major abdominal surgery were 

reduced post-operative infectious complications (39–61%) and a two-day shorter 

LOS (Waitzberg et al., 2006).  
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An RCT carried out in patients undergoing OLT, described in abstract form only. 

investigated IN in patients with ALF and concluded that there were no differences in 

intensive care LOS or infectious complications between the groups fed IN or a 

standard diet (Broide et al., 2008). 

 

A phase II non-randomised study was performed by the NZLTU in patients wait-

listed for OLT (Plank et al., 2005). The results showed that IN (commercial form: 

Impact®) was safe and well tolerated by patients. There was a significant 

improvement in pre-operative body protein, as estimated by IVNAA, as well as a 

trend towards fewer infectious complications in the first 30 days post-OLT. These 

findings needed to be confirmed in a well-designed RCT. 
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4.2. Methods 

4.2.1. Patients 

 

Patients considered for this study were adults (>16 years of age) listed for elective 

OLT by the NZLTU. Criteria for listing of patients are similar to those published by 

Devlin et al. (1999). Patients with HCC were included in the study. Excluded 

patients included any patient listed for re-OLT, those with acute fulminant liver 

failure or pregnant women. The trial was approved by the local regional ethics 

committee and all patients provided written consent before randomisation.  

 

4.2.2. Study protocol 

 

The study design is summarised in Figure 4.1. 

 

Figure 4.1. Study design 
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Eligible patients were invited to the BCL as soon as they neared the top of the 

waiting list for their respective blood group. At that point, they were provided with a 

full description of the study design, as well as the type of intervention and flavours 

of supplement available.  

 

A random number generator, such as those available in most statistical programs or 

Microsoft Excel® was used to compile the order for the product to be provided to 

consecutive patients. Unique identifier cards (for example, 1 through 150, QQ/ZZ) 

were placed in sealed opaque envelopes numbered sequentially in a box. The random 

numbers were generated by the researchers and each envelope was opened only after 

a patient had signed the informed consent form. Both the patients and researchers 

were blinded to the allocation of the product. The product was only identified as QQ 

or ZZ. The code was held by Novartis and was broken only after all follow-up data 

had been collected. 

 

Patients were randomised to either Impact® or a specially manufactured isocaloric 

and isonitrogenous control product. Patients were then provided with a starting 

package of the sachets. The pre-OLT feeds were identically labelled with different 

letter codes. Patients received either daily supplementation with 600mls of Impact or 

control (two 74g sachets dissolved in 500mls water). Each was provided in 

powdered form that is mixed with water or enteral form for early post-OLT feeding. 

The liquid suspensions for control and Impact® were designed to have the same 

taste and appearance. The exact composition of each product is detailed in Appendix 

2.  
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Patients were fed enterally as soon as possible after OLT and ideally within eight 

hours with either Impact® or control via naso-jejunal or naso-gastric tubes placed at 

the time of surgery. Oral intake was encouraged to resume as soon as possible. 

Enteral supplements were continued until oral intake met at least 50% of 

requirements. The minimum post-OLT feeds were 600ml of Impact or control for at 

least five post-operative days. Patients on tube feeding may have received greater 

daily amounts, up to their full caloric requirements.  

 

Basic patient demographic data were collected including age, sex, MELD and CPSs, 

aetiology of liver disease, blood group and HCC status. Patients underwent body 

composition, REE, QOL and clinical status monitoring as described below and 

illustrated in Figure 4.1. Relevant intra-operative data including ischaemic time and 

OLT duration were recorded. Standard perioperative practice included routine 

antibiotic prophylaxis and post-OLT immunosuppression with tacrolimus and 

methylprednisolone with the steroids tapered over the subsequent months. 

 

All significant post-operative events were recorded including ICU and in-patient 

stay, infectious complications, rejection episodes and other significant 

complications. Diagnosis of acute allograft rejection was based upon abnormal liver 

function tests and histological criteria (Banff). Post-OLT infections were defined as 

antibiotics commenced for the treatment of presumed chest, urinary, line or wound 

infection in the presence of clinical signs and symptoms of sepsis. Post-operative 

complications were graded as per the Clavien classification system (Dindo et al., 

2004). The details of each grade of complication are provided in Table 4.1. 
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Table 4.1. Details of grading system for complications, as per the Clavien-Dindo 

classification system (Dindo et al., 2004) 

 

4.2.3. Outcomes 

4.2.3.1. Primary outcome 

 

The primary endpoint of this study was the change in nutritional status, as measured 

by TBP, between entry into the study (baseline) and day of OLT.  

 

4.2.3.2. Secondary outcomes 

 

The secondary endpoints of this study included the changes in body composition, 

REE, physiological function and QOL. All of these parameters were measured at the 

BCL on the study days (see Figure 4.1) until one-year post-OLT. Clinical outcomes 

that were assessed included LOS, the incidence of infection and rejection episodes 

within the first 30 days post-OLT, and the number of post-operative surgical 

complications.  

 

Complication 

grade 
Description of grade 

I 

 

II 

  

III 

Deviation from normal post-operative course without 

the need for pharmacologic, surgical or radiological 

interventions 

Requires pharmacological intervention and/or blood 

transfusions/TPN 

Requires surgical, endoscopic or radiological 

intervention 

Intervention not under general anaesthetic 

Intervention under general anaesthetic 

Life threatening complication requiring intensive care 

Single organ dysfunction (including renal failure) 

Multi-organ dysfunction 

Patient death 

 IIIa 

 IIIb 

IV 

 Iva 

 IVb 

V 
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4.2.4. Measurements 

 

Comprehensive body composition analysis included body weight, TBP, TBF and 

TBW. TBN was measured using neutron activation analysis and converted to TBP 

by multiplying it by 6.25. A predicted, TBP was estimated based upon regression 

equations developed in the BCL from measurements on healthy volunteers using 

height, age, gender and recalled pre-illness body weight of the patient (see Chapter 

2). TBW was estimated using a six-compartment method utilising the results from 

DXA and IVNAA (see Chapter 2). TBF was measured using DXA scans (see 

Section 2.2). Composite variables were defined as the following:  

 

Fat-free mass (FFM) = body weight – TBF and Hydration = TBW/FFM  

 

These measurements on healthy volunteers were performed prior to the 

commencement of the current study.  

 

REE was measured in fasted patients by IC (Deltatrac Metabolic Monitor, Datex 

Instruments, Helsinki, Finland). Patients were measured whilst supine in a room at 

thermal equilibrium (approximately 23°C) in the fasted state and after a rest period 

of 30 minutes. Hypermetabolism was defined as REE/REEpredicted >120%, where 

REEp was calculated utilising an equation developed by the BCL using 

measurements of FFM in healthy volunteers: 

 

REEp (kcal/d) = 16.85 x FFMc + 725 
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where FFMc is the FFM corrected to normal hydration (see Chapter 3). 

 

Maximum voluntary GS was measured in the dominant hand as the best of three 

attempts utilising a hand-held dynamometer (Lafayette Model 76010, Lafayette 

Instrument Co., IN, US). A predicted, normal GS was calculated utilising regression 

equations developed within the BCL on normal volunteers and is based on TBP, 

height, age, and gender (see Chapter 2). RMS was assessed by measuring mouth 

pressure with a bi-differential pressure transducer and predicted pre-illness values 

estimated from pre-illness body weight, age, height and gender (see Chapter 2). Peak 

expiratory flow rate was taken as the best of three attempts using a standard peak 

flow meter.  

 

The Christen-Kehlet fatigue (visual analogue scale 1–10) and KPS (visual analogue 

scale 0-100) was assessed at each visit to the BCL (see Appendices 3, 4 and Chapter 

2). 

 

Health-related QOL was assessed using the Short Form-36 (Ware & Sherbourne, 

1992). Patients were provided with the form at the conclusion of the body 

composition visit. They were not coached in any way but some patients required 

direction as to how to complete the questionnaire correctly. It is attached as 

Appendix 1 and described in further detail in Chapter 2. Patient scores were 

compared to New Zealand population normal data (Scott et al., 1999). 
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4.2.5. Statistical methods 

 

A sample size of 66 patients was calculated in order to allow the detection of a 0.4kg 

difference in pre-OLT protein accretion between the two groups (SD =0.5kg for each 

group) with 90% power (β=0.1), and a two-sided 5% significance level (α=0.05). 

This sample size assumes a 10% attrition rate due to death while on the waiting list, 

delisting, or failure to reach a minimum intake of 7L of supplement over the 

preoperative period immediately preceding OLT (Plank et al., 2005). 

 

Analysis was by intention-to-treat and included all patients randomised to Impact® 

or control feeds. Comparisons between the two groups were performed using the 

two-sample t test for continuous data and the Fisher’s exact test for categorical data. 

Time to event variables were compared with the log-rank test. Two-tailed tests of 

significance were used and a P-value of less than 0.05 was considered significant. 

Missing values were not imputed or estimated. Statistical analyses were performed 

using STATA version 9 (StataCorp., College Station, TX.) 

 

A per-protocol analysis was also performed, which excluded patients who failed to 

consume adequate supplement as prescribed within the twelve-day period preceding 

OLT (equivalent to approximately 7L of product). 
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4.3. Results (intention to treat analysis) 

4.3.1. Patient characteristics and flow through the study 

 

A total of 120 patients were randomised to Impact or control feeds between 

November 2001 and June 2007. Follow-up was completed in December 2008. 

Nineteen patients were excluded after randomisation because they either died while 

on the waiting list or were delisted. The flow of patients through the trial is shown in 

the following CONSORT diagram (see Figure 4.2). 

 

 

Figure 4.2. CONSORT diagram outlining patient participation in the trial 
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The number of patients who underwent follow-up measurements differed at each 

study day (see Figure 4.3). Twenty-three patients completed body composition 

analysis at every allocated study day. 

 

 

Figure 4.3. The number of patients that underwent body composition analysis 

at allocated study days according to treatment allocation (Based on patients 

that underwent DXA scans) 

 

Baseline characteristics and demographics of the 101 patients analysed are shown in 

Table 4.2. 
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Table 4.2. Patient demographic and baseline characteristics of 101 orthotopic 

liver transplant waiting list patients randomised to Impact or control feeds 

MELD, Model for end-stage liver disease; HCC, hepato-cellular carcinoma; Data are 

number of patients (%), mean ± SEM or median (range). 

 

The baseline body composition, REE, physiological function, fatigue scores and 

KPSs for both groups are shown in Table 4.3. At baseline, patients were 

overhydrated and protein depleted.  

Characteristics Impact 

(n=52) 

Control 

(n=49) 

M:F 33:19 36:13 

Age (y) 53 (25–68) 50 (22–69) 

MELD score 14 (6–40) 15 (7–31) 

Child-Pugh score 10 (5–13) 10 (5–13) 

Primary aetiology   

  Viral 32 31 

  Alcohol 5 2 

  Cholestatic 10 5 

  Other 5 11 

Blood group   

  A 26 23 

  O 19 17 

  B 5 6 

  AB 2 3 

HCC (%) 17 18 

Supplement duration (d) 58 (1–480) 55 (0–356) 

Ischaemic Time (min) 512 ± 15 503 ± 22 

OLT time (min) 367 ± 17 383 17 
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Table 4.3. Patient baseline body composition, REE, physiological function, 

fatigue and KPS scores of 98 OLT patients randomised to Impact or control 

feed whilst on the waiting list 

Data are mean ± SEM. 

 

4.3.2. Pre-operative change in TBP (primary outcome) 

 

A total of 56 patients (29 IN, 27 Control) had IVNAA scans at both baseline and D0. 

TBP results at these time points are shown in Figure 4.4 for the two groups. The 

change in TBP over this preoperative period was 0.06±0.15kg (P=0.69) in the IN 

group and 0.11±0.15kg (P=0.26) in the Control group.  

Characteristics Impact 

(n=52) 

Control 

(n=49) 

Body weight (kg) 80.5 ± 2.9 86.2 ± 2.8 

Total body protein (kg) 8.9 ± 2.7 9.5 ± 3.7 

Protein Index (%) 83.1 ± 1.8 81.2 ± 1.9 

Total body water (L) 45.7 ± 1.4 44.5 ± 1.7 

Hydration (%) 77.5 ± 0.6 77.9 ± 0.4 

Total body fat (kg) 22.2 ± 1.3 25.3 ± 1.7 

Fat-free Mass (kg) 58.9 ± 2.8 61.3 ± 1.7 

Resting energy expenditure 

(kcal/d) 

1640 ± 53 1718 ± 52 

Respiratory muscle strength 

(cmH20) 

74 ± 5 86 ± 7 

Grip strength (kg) 34 ± 1.7 37 ± 1.8 

Peak expiratory flow rate 

(L/min) 

387 ± 19 424 ± 24 

Fatigue score 5.8 ± 0.4 5.9 ± 0.4 

Karnofsky performance scale 

(%) 

74 ± 3 74 ± 2 
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Figure 4.4. TBP (kg) at baseline and on the day of OLT in patients that 

consumed Impact (black circles) or control feeds (white circles) pre-OLT, 

paired comparison P=NS 

 

4.3.3. Post-operative changes (secondary endpoints) 

 

The changes in TBP from baseline at each study day are shown in Figure 4.5. From 

baseline to at least D90 post-OLT, patients continued to lose body protein; however, 

the magnitude of the changes were similar between the two groups (P=0.93 D10, 

P=0.81 D30, P=0.76 D90). By D360, both groups had regained initial TBP losses; 

however, there were no differences in the changes between the group, (P=0.31 

D180, P=0.54 D360).  
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Figure 4.5. Changes in TBP (mean±SEM) compared to baseline TBP in patients 

who received Impact (black bar) and controls (white bar); the magnitude of the 

changes from baseline was not significant between the groups 

 

The changes in hydration status from baseline at each study day are shown in Figure 

4.6. Both groups showed reductions in hydration particularly from D90 and beyond 

but there were no differences in these changes between the two groups (D10 P=0.99, 

D30 P=0.07, P=0.59, P=0.08, P=0.23).  
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Figure 4.6. Changes in hydration status (mean±SEM) from baseline in patients 

who received Impact (black bars) compared to controls (white bars); the 

magnitude of the changes from baseline was non-significant between the groups 

 

The changes in TBF (kg) from baseline over the study period are shown in Figure 

4.7. In both groups, TBF increased over time. Of note, the change in TBF in control 

patients was significantly higher than in Impact fed patients at D30 post-OLT 

(Impact 3.9±1.1kg versus Control 6.6±0.8kg; P=0.04).  
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Figure 4.7. Changes in total body fat (mean±SEM) from baseline in patients 

who received Impact (black bars) compared to controls (white bars), *P=0.04 

difference in measured change between groups 

 

The changes in REE over the post-operative period are shown in Figure 4.8. REE is 

expressed as the percent of REEp change from baseline. Over time, the ratio of REE 

to REEp reduced by as much as 10% by D360. However, the magnitude of the 

changes over time was similar between both groups.  
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Figure 4.8. Changes in percent REE/REEp (mean±sem) from baseline to D360 

in patients taking Impact (black bar) and control (white bar) feeds; the 

magnitude of the changes at each study point was not significantly different 

between the groups 

 

Table 4.4 shows the number of hypermetabolic patients at each study time point. At 

d90, there were significantly fewer hypermetabolic patients in the Impact group. 

 

Table 4.4. The number of hypermetabolic patients at each study time point 

Data are number (%), *P<0.05 Fisher’s exact test 

 

Patient 

Group 

D00 D0 D10 D30 D90 D180 D360 

        

Impact 9 (20) 6 (20) 4 (14) 4 (13) 0* 0 1 (3) 

        

Control 7 (17) 8 (27) 7 (25) 3 (9) 5 (26) 3 (14) 3 (11) 
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Figure 4.9 shows the changes from baseline in GS compared to predicted values as a 

percentage during the study period. GS was reduced in both groups until D30, and 

then steadily increased to above predicted levels by D180 and D360. The changes 

seen were similar between the two groups. 

 

Figure 4.9. Changes in GS as a percentage of predicted normal levels (mean ± 

SEM) from baseline in patients taking Impact (black bar) and control (white 

bar) over the study period; the magnitude of the changes from baseline were 

not significantly different between the groups 

 

Figure 4.10 shows the changes from baseline in RMS compared to predicted values 

as a percentage during the study period. RMS was not measured at D10 owing to 

patient discomfort. RMS increased to greater than predicted values from D90 

onwards. There were no differences in the changes seen between the two groups 

(P=0.31 D30, P=0.39 D90, P=0.73 D180, P=0.62 D360).  
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Figure 4.10 Changes in RMS as a percentage of predicted normal levels (mean ± 

SEM) from baseline in patients taking Impact (black bars) and control (white 

bars) over the study period; the magnitude of the changes seen were similar 

between the two groups 

 

Table 4.5 shows the changes in PEFR over the study period. Patients initially had 

lower PEFR compared to baseline in the early post-OLT period (D30) then increased 

their values beyond this time. The changes seen were not significantly different 

between the two groups (P=0.45 D10, P=0.50 D30, P=0.69 D90, P=0.35 D180, 

P=0.61 D360). 
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Table 4.5. The changes in PEFR (L/min) from baseline over the study period 

Data are mean (SEM),  

 

The changes in fatigue score from baseline are shown in Figure 4.11. After the initial 

increase post-OLT, fatigue scores steadily decreased in both groups. The changes 

seen were not significantly different between the groups (P=0.56 D10, P=0.34 D30, 

P=0.41 D90, P=0.57 D180, P=0.81 D360). 

 

 

Figure 4.11. Changes in fatigue score (arbitrary units, mean ± SEM) in patients 

taking Impact (black circles) and control (white circles) over the study period 

 

Patient 

Group 
D10 D30 D90 D180 D360 

      

Impact -80 (38) -32 (17) 7.5 (21) 25 (19) 33 (21) 

 n=11 n=26 n=20 n=25     n=30 

Control -44 (21) -16 (18) 20 (21) -5 (25) 21 (17) 

 n=9 n=30 n=20 n=20     n=25 



 

119 

 

The changes in KPS from baseline are shown in Figure 4.12. After the initial drop in 

scores in the early post-OLT period, KPS increased in both groups at each study day. 

The changes seen are not different between the two groups (P=0.93 D10, P=0.41 

D30, P=0.35 D90, P=0.71 D180, P=0.22 D360). 

 

Figure 4.12. Changes in KPS from baseline (arbitrary units, mean ± SEM) in 

patients taking Impact (black bars) and control (white bars) over the study 

period; the changes shown were not significantly different between the two 

groups 

 

4.3.4. Health-related quality of life 

 

SF-36 data were obtained in 63 patients at baseline. Table 4.6 shows the cross-

sectional comparison between the patients (n=63) measured at baseline and reference 

population scores (n>7,000) for each of the eight domains. The patient scores were 

lower in all domains; only the mental health score for the Impact patients was not 
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significantly different to the reference population. There were no differences 

between Impact or control patients for any of the domains at baseline.  

 

Table 4.6. Cross-sectional comparison of baseline SF-36 domain scores between 

patients taking Impact or control feeds (n=63) and population norms (n>7,000) 

(Scott et al., 1999) 

Domain Impact (n=32) Control (n=31) Reference 

Population  

Physical Functioning 52 ± 6* 45 ± 5* 86.0 

Role Physical 26 ± 7* 30 ± 6* 80.7 

Bodily Pain 25 ± 7* 30 ± 6* 77.9 

General Health 31 ± 5* 32 ± 5* 73.8 

Vitality 33 ± 6* 32 ± 5* 65.6 

Social Functioning 35 ± 4* 32 ± 5* 86.6 

Role Emotional 49 ± 10* 63 ± 8* 85.0 

Mental Health 70 ± 17 66 ± 18* 78.0 

Scores are mean ± SEM, 
* 

Single sample t-test comparison between either Impact or 

Control and reference population.  

 

The changes from baseline at six and twelve months post-OLT in each of the SF-36 

domains plus the extra domains relevant to chronic liver disease are shown in Figure 

4.13. At the end of the study period, twelve months post-OLT, there were significant 

improvements in Impact patients compared to baseline for the general health, 

vitality, social functioning, mental health, health distress and health distress due to 

liver disease domains. The control group also had significant improvements in some 

domains; however, wellbeing was significantly worse than baseline. The comparison 

between the groups showed wellbeing was worse in the control group but bodily 

pain better compared to the Impact group at twelve months. 

 



 

121 

 

 

 

*P<0.05 change from baseline, †P<0.05 between group difference.  

Abbreviations: PF, physical function; ARP, augmented role physical; BP, bodily 

pain; GH, general health; V, vitality; ASF, augmented social functioning; ARE, 

augmented role emotional; MH, mental health; HD, health distress; WB, positive 

wellbeing; LLD, limitations secondary to liver disease; HDLD, health distress due to 

liver disease 

 

Figure 4.13. The six- and twelve-month changes from baseline (Mean ± SEM) in 

health-related QOL (HRQOL, augmented SF-36 scores) in wait-listed patients 

with cirrhosis randomised to Impact (black bars) and Control feeds (white 

bars) 
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The comparison of scores at twelve months between Impact, control and reference 

population is shown in Table 4.7. Only the role physical, general health and social 

functioning domains were significantly different between the Impact group and 

reference population. The control group had significantly greater general and mental 

health scores compared to the Impact group. 

 

Table 4.7. Cross-sectional comparison of twelve-month post-OLT SF-36 domain 

scores between patients taking Impact or control feeds (n=63) and population 

norms (n>7,000) (Scott et al., 1999) 

Domain Impact (n=32) Control (n=31) Reference 

Population  

Physical Functioning 73 ± 7 78 ± 6 86.0 

Role Physical 63 ± 11* 63 ± 10* 80.7 

Bodily Pain 70 ± 6 77 ± 6 77.9 

General Health 58 ± 6* 74 ± 5
β
 73.8 

Vitality 57 ± 6 66 ± 5 65.6 

Social Functioning 59 ± 5* 61 ± 5* 86.6 

Role Emotional 71 ± 10 80 ± 8 85.0 

Mental Health 76 ± 3 86 ± 3
β 

78.0 

Scores are mean ± SEM, 
* 

t-test comparison between either Impact or Control and 

reference population. 
β
P<0.05 t-test difference between Impact and Control groups 
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4.3.5. Clinical outcome 

 

There was no difference between the two groups seen in rejection episodes or 

infectious complications (see Table 4.8) in the first 30 days post-OLT (rejection 

19[Impact]; 20[Control], P=0.66, infections 31[Impact]; 28[Control], P=0.80).  

 

Table 4.8. Post-operative infectious complications for patients taking Impact 

(n=52) or control feeds (n=49) 

Infection Type Impact Control 

Chest  13 12 

Urinary Tract 3 1 

Line 

 

1 2 

Wound 10 4 

Biliary 1 2 

Other 3 7
 

Total 31 28 

Data are number of patients; Other includes infectious diarrhoea, cellulitis, septic 

arthritis and sepsis of unknown cause 

 

The median LOS in ICU and overall in-hospital stay were similar between the two 

groups ([LOS ICU, median[range], Impact 1[5–19]; Control 1[0–10], P=0.53], [LOS 

overall, median[range], Impact 9.5[5–105]; Control 10[6–27], P=0.68]). There were 

no differences in post-operative complications of any type (surgical or medical) 

between the two groups (P=0.61) (see Table 4.9). At d360, there was no difference 

in the number of patients with graft dysfunction (Impact 5; Control 3, P=0.52). 
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Table 4.9. Complications in the first 30 days post-OLT for patients taking 

Impact (n=52) or control feeds (n=49) 

Clavien Classification Impact Control 

Grade I 2 0 

Grade II 21 16 

Grade IIIa 6 10 

Grade IIIb 7 9 

Grade IVa 4 4 

Grade IVb 2 3 

Grade V 0 0 

Total 42 42 

Data are number of complications 

 

4.4. Results (protocol analysis) 

4.4.1. Patient characteristics 

 

A protocol analysis was performed that included patients who consumed at least 7L 

of supplement during the 12d immediately preceding OLT. Patients excluded either 

did not consume enough supplement (n=21), refused to take the prescribed 

supplement after randomisation (n=7), or were switched to another feed for clinical 

reasons (n=2). The demographics for the remaining 71 patients are shown in Table 

4.10. 
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Table 4.10. Patient demographic and baseline characteristics of 71 protocol 

patients randomised to Impact or Control feeds 

MELD, Model for end-stage liver disease; HCC, hepato-cellular carcinoma; Data are 

number of patients (%), mean ± SEM or median (range). 

 

The number of patients available for body composition analysis during the course of 

the study varied over time. At baseline, 61 patients underwent analysis, 48 at day of 

transplant (D0), 48 on day ten post-OLT, 50 at day 30 post-OLT, 34 at day 90 post-

OLT, 38 at day 180 and 50 at day 360 post-OLT. 

 

4.4.2. Pre-operative change in TBP 

 

There was a small, but not statistically significant, pre-OLT (from randomisation to 

day of surgery) accretion of TBP in both groups; however, the changes were not 

significantly different (Impact: 0.09kg±0.16 [SEM], Control: 0.08±0.11kg; P=0.94). 

Characteristics Impact 

(n=34) 

Control 

(n=37) 

M:F 22:12 28:9 

Age (y) 55 (25–68) 52 (31–69) 

MELD score 14 (6–28) 15 (7–31) 

Child-Pugh score 9 (5–13) 10 (5–13) 

Primary aetiology   

  Viral 20 23 

  Alcohol 3 1 

  Cholestatic 7 5 

  Other 4 8 

Blood group   

  A 17 16 

  O 14 12 

  B 3 6 

  AB 0 3 

HCC (%) 14 (41) 15 (41) 

Supplement duration (d) 63 (12–480) 78 (4–348) 

Ischaemic Time (min) 499 ± 20 530 ± 26 

OLT time (min) 366 ± 21 402 ± 20 
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4.4.3. Post-operative changes 

 

The changes in TBP, TBF, REE and GS compared to baseline values in the post-

OLT period study days are shown in Table 4.11. Initial losses in TBP were recovered 

by D180 and D360 in both groups. TBF steadily increased from the initial D10 

losses; however, the changes were similar between Impact and control groups. The 

changes in REE expressed as a percentage of predicted normal from baseline showed 

that REE reduced over time in both groups with the maximum reduction seen at 

D360. Physiological function, as estimated via GS, showed increases over time when 

compared to predicted normal values to reach a maximum at D360. These changes 

were not significantly different between Impact and Control groups. 
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Table 4.11. Changes from baseline for body composition, energy expenditure and GS 

Data are mean±SEM; TBP, Total body protein; TBF, Total body fat; REE, resting energy expenditure; pred, predicted
 

 D10  D30  D90  D180  D360  

TBP (kg)           

Impact -

0.61±0.17 

 -

0.72±0.14 

 -

0.26±0.17 

 0.003±0.1

8 

 0.11±0.19  

 n=23  n=26  n=19  n=22  n=27  

Control -

0.68±0.18 

 -

0.81±0.17 

 -

0.28±0.28 

 0.44±0.29  0.21±0.27  

 n=23  n=25  n=15  n=15  n=22  

P 0.76  0.71  0.96  0.19  0.78  

TBF (kg)           

Impact -1.1±2.5  2.6±2.4  3.0±3.4  1.8±2.8  2.8±2.3  

 n=28  n=29  n=22  n=29  n=30  

Control -0.3±3.3  6.4±3.5  7.9±4.2  5.3±4.1  4.7±3.9  

 n=24  n=28  n=17  n=17  n=21  

P 0.85  0.37  0.36  0.47  0.68  

REE/REE(pred) (%)           

Impact 0.02±3.1  -3.6±3.3  -7.1±3.6  -10.9±3.7  -12.1±2.9  

 n=25  n=26  n=17  n=22  n=27  

Control 4.7±3.2  -2.4±3.2  -5.1±4.9  -5.8±3.6  -8.6±3.6  

 n=22  n=26  n=15  n=15  n=22  

P 0.30  0.79  0.74  0.35  0.46  

Grip/Grip(pred) (%)           

Impact -9±4.2  -5.0±3.9  -0.8±3.9  7.1±3.9  8.3±3.7  

 n=25  n=27  n=20  n=24  n=29  

Control -7.6±2.9  -3.0±3.5  -0.4±3.6  6.7±3.9  8.8±4.4  

 n=22  n=26  n=16  n=16  n=22  

P 0.79  0.70  0.93  0.94  0.93  
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4.4.4. Health-related quality of life 

 

SF-36 data were obtained in 50 patients at both baseline and d360. Table 4.12 shows 

the mean changes in SF-36 domain scores from baseline to d360 for each group. 

There was only a trend towards better bodily pain scores in the control group. 

 

Table 4.12. Change in SF-36 mean (SEM) domain scores from baseline to d360 

for patients taking Impact or control feeds 

Domain Impact (n=26) Control (n=24) P*  

Physical Functioning 17 ± 9 31 ± 8 0.25 

Role Physical 27 ± 14 32 ± 14 0.79 

Bodily Pain -0.5 ± 12 29 ± 10 0.06 

General Health 25 ± 7 38 ± 7 0.19 

Vitality 27 ± 7 38 ± 7 0.29 

Social Functioning 34 ± 9 40 ± 10 0.65 

Role Emotional 27 ± 14 19 ± 16 0.72 

Mental Health 10 ± 5 15 ± 3 0.45 

Scores are mean change ± SEM, 
* 
t-test comparison between Impact and Control.  

 

4.4.5. Clinical outcome 

 

There was no difference between the two groups seen in rejection episodes or 

infectious complications in the first 30 days post-OLT (rejection 11[Impact]; 

16[Control], P=0.35) (infections 19[Impact]; 22[Control], P=0.76)  

 

The median LOS in ICU and overall in-hospital stay were similar between the two 

groups (LOS ICU, median[range], Impact 1[1–19]; Control 1[0–10], P=0.31) (LOS 

overall, median[range], Impact 9[5–105]; Control 10[6–27], P=0.58). There were no 

differences in complications between the two groups (P=0.47) (see Table 4.13).  
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Table 4.13. Complications in the first 30 days post-OLT between patients taking 

Impact (n=34) or control feeds (n=37) 

Clavien Classification Impact Control 

Grade I 2 0 

Grade II 12 11 

Grade IIIa 4 10 

Grade IIIb 7 6 

Grade Iva 1 2 

Grade IVb 1 2 

Grade V 0 0 

Data are number of complications 

 

At d360, there was no difference in the number of patients with graft dysfunction 

(Impact 5; Control 3, P=0.52). 

 

4.5. Discussion 

 

The current study is the first RCT to compare the effects of IN on patients wait-listed 

for OLT. In comparison to a control group fed an iso-nitrogenous, iso-caloric 

supplement, there was no increase in pre-OLT accretion of TBP for patients fed 

Impact. Patients were followed for one-year post-OLT and the changes in body 

composition between the two groups were similar. A purported benefit of Impact, 

reduced post-operative infectious complications, was not demonstrated in this study 

and there were no improvements in other clinical endpoints such as rejection rate, 

LOS or complications. However, there were demonstrable benefits for the entire 

cohort in terms of improved post-operative fatigue, KPS, physiological function and 

QOL, which is similar to other post-OLT studies (Plank et al., 2001; Ratcliffe et al., 

2002). The results of the current study do not show a benefit for providing pre-OLT 

patients with IN.  
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There is evidence that supports the use of IN in OLT patients. Each of the 

ingredients, -3 FA, arginine and nucleotides, may improve nutritional and clinical 

outcomes in cirrhotic patients. Provision of -3 FA, with a concomitant shift from 

-6 to -3 cell metabolism, was associated with reduced infection after surgery, 

improved graft function and inhibition of rejection (Alexander, 1998) as well as 

reduced production of cytokines (such as Interferon, IFN and IL-1) (James et al., 

2000). Many of these are known to be active in liver cirrhosis (McClain et al., 1997). 

Post-OLT acute rejection may be mediated by Th1 cells that secrete IFNγ, and 

arginine has been shown to suppress its production (Kim et al., 2006). Arginine in 

high concentrations can induce the secretion of anabolic GH and IGF-1 (Alexander, 

2002). It has also been suggested that arginine improves wound healing by 

increasing collagen synthesis (Wilmore, 2004). Other positive effects include 

cytoprotection in ischemia-reperfusion injury, improved resistance to bacterial 

infections and decreased release of pro-inflammatory cytokines (IL6, TNF-α and IL-

18) (Alexander, 2002). In a rat cardiac allograft model, both arginine and fish oil 

prolonged survival of the graft (Alexander et al., 1998). Animal studies have shown 

improvements in liver fibrosis and steatosis after treatment with oral nucleotide 

solution (Torres et al., 1997), which may result from cytoprotection of the damaged 

hepatocyte infrastructure (Torres et al., 1998). 

 

The clinical trial evidence supporting IN has come from multiple studies in cancer 

patients. A recent meta-analysis of such studies concluded that LOS for patients fed 

IN may be reduced by approximately two days (Waitzberg et al., 2006). Reduced 

post-operative infections in the first 30 days post-operatively were also demonstrated 
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(Waitzberg et al., 2006). The meta-analysis study population was a heterogeneous 

group of upper and lower gastro-intestinal cancer, head and neck cancer patients and 

those undergoing cardiac procedures (Waitzberg et al., 2006). The methodology of 

some of the trials included may be called into questions as they scored low on the 

Jadad criteria (Jadad et al., 1996; Waitzberg et al., 2006). Despite this, the 

accumulated trial evidence has led to the ESPEN recommendation of peri-operative 

IN for patients undergoing gastro-intestinal/head and neck surgery as well as under-

nourished patients awaiting surgery (Weimann et al., 2006).  

 

The first comparative study of IN in cirrhotic patients was undertaken by the 

NZLTU (Plank et al., 2005). This was a non-randomised pilot study involving fifteen 

Impact fed patients that showed improved pre-OLT accretion of TBP and a trend 

towards reduced post-operative infections when compared with historical controls 

(n=17) supplemented with a standard feed (Ensure) or not receiving supplements. 

These results have not been replicated in the current RCT. The control feed had a 

similar composition of protein and identical amounts of carbohydrate and fat; 

however, it was high in glycine to ensure it was iso-nitrogeneous. Glycine has been 

shown to have anti-inflammatory, immuno-modulatory and cytoprotective effects 

(Zhong et al., 2003). Further, it may have beneficial effects on liver ischemia-

reperfusion injury, cytoprotection from liver fibrosis and ETOH-induced liver 

disease in OLT patients (Zhong et al., 2003).  

 

The failure to show a trend towards reduction in infectious complications may relate 

to the provision of immunosuppression in OLT patients. Infectious complications are 

common in the post-OLT period and can be a common cause for early mortality 
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(Blair & Kusne, 2005). Early nosocomial infections (wound, pneumonia, urinary 

tract and catheter) are similar in incidence to those that occur after other major 

abdominal surgery. However, OLT patients are unique in that early or delayed 

opportunistic viral and fungal infections and re-activation of disease is common and 

may be a source of morbidity and mortality (Kusne & Blair, 2006). The presence of 

immunosuppressive agents that inhibit natural responses to infection: steroids 

(inhibits inflammatory cascade, B- and T- cell recruitment) and calcineurin inhibitors 

(inhibit T-cell activation and recruitment) may counteract any immuno-modulatory 

effect that IN has in reducing the infectious complication rate. 

 

Each of the early post-operative metabolic insults, rejection and infections, have 

been postulated to contribute to the catabolism in the post-OLT period (Plank et al., 

2001). Plank et al. (2001) showed that OLT patients lost 1kg of TBP in the first ten 

days after surgery, of which 54% was recovered at twelve months. This result is in 

contrast with the current study, in that both groups showed recovery of initial TBP 

losses by d360 (see Figure 4.5). The importance of the provision of nutritional 

supplementation to cirrhotic wait-listed patients has been emphasised by this study; 

however, IN may not be the supplement of choice. Patients may be actively 

receiving inpatient physiotherapy and outpatient rehabilitation at rates greater than 

those seen ten years ago. Further, whilst there were no differences between the 

groups seen, the potential positive effects of OLT and nutritional supplementation 

per se on fatigue score, KPS, physiological function and QOL should not be ignored. 

There was no non-supplemented control arm in this study.  
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There are limitations to the current study. There are many ‘missing’ values in the 

data owing to logistical difficulties in obtaining D0 scans and follow-up scans 

because of geographical isolation within New Zealand. The degree of difficulty in 

getting patients to return for follow-up body composition scans is highlighted in 

Figure 4.3. Only 23 patients out of the entire cohort completed all post-OLT follow-

up scans. The results of this trial need to be interpreted taking this drop-out into 

account. The patients that returned for D180 and D360 measurements may have been 

healthier overall. The patients recruited were heterogeneous in terms of aetiology 

and degree of malnutrition. Randomisation was not stratified for nutritional status at 

study entry; however, there were no marked baseline differences between the groups. 

Patients with HCC were also included who may tend to be better nourished at the 

time of OLT; they also made up a significant proportion of the study patients. 

 

A possible confounding variable may have been the compliance in supplementation 

intake. Verbal checks with the patients were performed regularly; however, self-

recording of daily sachet intake over a median 50 days pre-OLT may have been 

inaccurate. As pre-operative IN is recommended for 5–7d, it is conceivable that 

patients may have had their surgery at a time when their intake of supplement was 

not optimal owing to the random nature of organ availability. The most objective 

marker of compliance is levels of -3 FA incorporation into the cell membrane and 

these data are awaited. Lastly, the study was powered towards TBP accretion, which 

was demonstrated in the pilot study (Plank et al., 2005). This is not a common 

endpoint owing to only a few centres available to measure TBP. A study powered on 

clinical outcomes may yield a benefit for IN in these patients; however, the current 
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study did not show a trend towards improved clinical outcome, which precludes a 

power calculation for a future trial.  

 

In conclusion, the current RCT has not shown a benefit in terms of preoperative TBP 

accretion, post-operative body composition, physiological function and clinical 

outcome for patients taking Impact in the perioperative period. This study does not 

negate the importance of providing nutritional support to cirrhotic patients and OLT 

candidates. Recent expert reviews have suggested a paradigm shift from IN in 

surgical and critically ill patients to ‘pharmaconutrition’ (PN), which encompasses 

the route, timing, duration and dosage of specific nutrients (Jones & Heyland, 2008). 

The results of studies incorporating these principles are yet to be performed and may 

represent the next phase of research into malnutrition in surgical patients. 
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Chapter 5. The effect of immunonutrition on protein 

turnover in patients with cirrhosis 

 

WBPT methodology is used to demonstrate the dynamic nature of protein 

metabolism in the body. This chapter outlines a sub-group analysis of the Impact 

trial (see Chapter 4) in which selected patients underwent WBPT analysis to 

demonstrate the effect of IN on whole-body protein synthesis and breakdown rates. 

 

5.1. Introduction 

 

PEM is common in patients with cirrhosis. The causes are multi-factorial and include 

deranged substrate utilisation in the liver, anabolic hormone resistance, reduced 

dietary intake and hypermetabolism. Further, the BCL has shown that cirrhotic 

patients are protein depleted and overhydrated with a mean PI of <82%, implying a 

significantly malnourished state (see Section 1.1.2.3). Patients with cirrhosis should 

be provided with nutritional supplementation in energy amounts of 35–40 kCal/kg 

per day and 1.6g/kg per day of protein to counteract the metabolic drive towards 

malnutrition (Kondrup, 2006).  

 

In Chapter 4, a randomised controlled trial was reported in which the potential 

benefits of providing peri-OLT patients with IN was investigated. Although there 

were no differences in pre-OLT TBP accretion or post-OLT clinical events found 

between the Impact and control groups, there appeared to be a beneficial effect of 

nutritional supplementation in that both groups as evidenced by increased pre-OLT 
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TBP. These results suggest that the provision of nutritional supplementation in 

cirrhotic patients may lead to increased anabolism by increasing protein synthesis or 

reducing protein breakdown, which results in increased TBP. The use of dynamic 

protein turnover (WBPT) methodology may delineate these effects on protein 

synthesis and breakdown rates. Further, the effects of IN on whole-body WBPT rates 

are currently unknown.  

 

The aim of the current study was to determine the rates of WBPT (synthesis and 

breakdown) in a sub-group of patients from the main trial who were randomised to 

Impact or an iso-nitrogenous iso-caloric control feed.  

 

5.2. Methods 

5.2.1. Patients 

 

A sub-group of patients from the RCT described in Chapter 4 were invited to 

participate in the study. This was conducted towards the end of recruitment for the 

Impact study, hence a small group of patients were approached to be participants. 

Patients were selected if they consented to undergo WBPT measurements twice, at 

the time of randomisation and two weeks after intervention. Patients underwent the 

measurements as described below and consumed Impact or Control feeds at 

600ml/day for fourteen days. The compositions of the interventions are shown in 

Appendix 2. The experimental protocol was approved by the Northern regional 

ethics committee.  
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5.2.2. Isotopes 

 

L-[1-
13

Leucine] (99% pure) and sodium [
13

C]Bicarbonate were purchased from 

Cambridge isotope Laboratories (Andover, MA, US) and were pyrogen-free. The 

isotopes were prepared by the School of Pharmacy, University of Auckland by 

dissolving the isotopes in saline and passing them through a 0.22µm filter and stored 

in sealed vials.  

 

5.2.3. Experimental design 

 

All subjects underwent WBPT analysis in the post-absorptive state after admission to 

the BCL. 16G and 18G plastic catheters were placed one in each upper limb, in the 

antecubital fossa for the infusion arm and the dorsum of the contralateral hand for 

specimen collection. The hand with the collection catheter was surrounded by a 

blanket or hot water bottle to allow for an arterialised blood sample collection. 

Baseline blood (EDTA tubes) and expired air CO2 samples were collected. Expired 

air samples were collected through a straw attached to a collection bag via a 

unidirectional valve. A sample of the air in the bag was then extracted into an 

evacuated glass tube (Exetainer®, Labco Ltd, High Wycombe, UK). Two samples of 

blood and air were taken at each time point. At t=0, a constant infusion of 
13

C-

Leucine (7.57µmol/kg per hr) was injected through a calibrated syringe pump 

(Asena GS, Alaris Medical Systems, San Diego, CA, US) at 12ml/hr, after the 

administration of a priming dose, which was 60 times the infusion rate. The 

bicarbonate pool was primed with an injection of NaHCO3 (1.18µmol/kg). Total 

dosages of leucine administered were according to body weight; 60kg=350mg, 
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80kg=470mg, 90kg=520mg, 100kg=580mg, 120kg=700mg. Blood and air samples 

were taken every 30 minutes during the 4-h period of infusion. Blood was 

centrifuged immediately and plasma stored at -20°C. During the last hour, 

respiratory gas exchange measurements were performed by using IC (Deltatrac 

Metabolic Monitor, Datex Instruments, Helsinki, Finland). A diagram depicting the 

measurements performed is shown in Figure 5.1. 

 

 

Figure 5.1. Protein turnover measurements performed over 4 hours 
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5.2.4. Analytical measurements 

 

Breath 
13

C enrichments were measured using isotope-ratio mass spectrometry 

(Europa Scientific 20-20) by the University of Waikato Stable Isotope Unit. All 

values are normalised to Pee Dee Belemnite standard using a secondary standard gas 

bottle.  

 

Plasma α-KIC enrichment was determined using a t-butyldimethylsilyl derivative by 

gas chromatography-mass spectrometry (GC-MS, Agilent 7890 GC and 5975 MS). 

The derivatisation and GC-MS analysis was carried out by Dr Ben Miller and his 

staff in the Department of Health and Exercise Science, Colorado State University. 

 

5.2.5. Body composition 

 

All patients underwent comprehensive body composition analysis within 24h of the 

time of each WBPT measurement in the fasted state. TBP was measured using 

IVNAA and TBF using DXA scans (see Chapter 2). 

 

5.2.6. Calculations 

 

The approach to amino acid tracers is the determination of the rate of appearance 

(Ra) into the plasma and Rd (see Section 1.3.3). The Ra for leucine can be calculated 

from the ratio of the tracer infusion rate and a pooled value representing the average 

intracellular enrichment throughout the body. Plasma α-KIC enrichment is used for 
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this value as it is synthesised from the intracellular leucine pool and easily 

equilibrated into the plasma (see Figure 5.1). 

 

The equations for calculating rates of turnover follow this principle: 

 

Q (Ra) = S + O = C + I (Wolfe and Chinkes 2005) 

 

where Q = whole-body flux; S = non-oxidative leucine disposal (synthesis); O = 

leucine oxidation; C = catabolism and I = intake. In the post-absorptive state, I=0, 

hence Q = C = S + O. 

 

Ra (Q, whole-body flux, protein breakdown) (µmol/kg/min) = F/Ep; where F = 

infusion rate of the tracer and Ep = plasma KIC enrichment (tracer:tracee ratio) at 

plateau 

 

O = [IECO2 x VCO2/0.81]/IEKIC where IECO2 = breath CO2 enrichment of KIC 

(tracer:tracee ratio) at plateau; VCO2 = CO2 production rate (from IC); IEKIC = the 

plasma KIC enrichment, 0.81 refers to the correction factor for retained HCO3 in the 

blood.  

 

S (protein synthesis) = Q(Ra) – O (Wolfe and Chinkes 2005) 

 

Net WBPT balance = Q-S 
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5.2.7. Statistical analysis 

 

All data are presented as mean ± SEM. Within groups, comparisons were performed 

with a paired t-test; between-group comparisons were performed using the unpaired 

t-test. Two-tailed tests of significance were used and a P-value of less than 0.05 was 

considered significant. Statistical analyses were performed using STATA version 9 

(StataCorp., College Station, TX.)  

 

5.3. Results 

5.3.1. Patient characteristics 

 

Eleven patients underwent the experimental protocol (see Figure 5.2) and their 

baseline characteristics are shown in Table 5.1.  
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Figure 5.2. CONSORT statement showing the passage through the study of the 

sub-group from the Impact trial (n=12) approached to participate in a study of 

WBPT 
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Table 5.1. Patient demographic and baseline characteristics of eleven OLT list 

patients randomised to Impact or control feeds who underwent WBPT studies 

at randomisation and then fourteen days later 

MELD, Model for end-stage liver disease; HCC, hepato-cellular carcinoma; Data are 

number of patients (%), median (range). 

 

Steady state for α-KIC enrichment was achieved at approximately 150 minutes (see 

Figure 5.3). An example of the change in α-KIC for one patient is shown in Figure 

5.3. 

Characteristics Impact 

(n=5) 

Control 

(n=6) 

M:F 5:0 5:1 

Age (y) 41 (31–62) 51 (26–55) 

MELD score 15 (7–24) 8 (7–28) 

Child-Pugh score 9 (5–11) 5 (5–11) 

Primary aetiology   

  Viral 3 5 

  Alcohol 0 0 

  Cholestatic 1 1 

  Other 1 0 

Blood group   

  A 1 3 

  O 3 2 

  B 1 0 

  AB 0 1 

HCC (%) 3(60) 2(33) 
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Figure 5.3. α-KIC enrichment in plasma after infusion of 
13

C-Leucine in OLT 

patients 

 

Table 5.2 shows the Ra, oxidation and synthesis rates for each patient at baseline and 

day 14. There were no significant changes between the two study periods for either 

the Impact or control fed groups. Patients were generally catabolic with greater 

catabolism (Q or Ra) rates compared to synthesis (S). There was no difference in the 

net balance rates between the two groups (P=0.53). 
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Table 5.2. Protein turnover rates in eleven pre-OLT list patients randomised to 

Impact or control feeds who underwent WBPT studies at randomisation and 

then fourteen days later 

 Data are mean ± SEM. P
*
 paired t-test 

 

Table 5.3 shows the body composition data at baseline and day fourteen in the two 

groups. There was a trend towards increased TBP in the Impact group; otherwise, 

there were no changes in either body weight or TBF for both groups. 

Rate 

(µmol/kg.min
-1

) 
Pre Post P

* 

Protein 

Breakdown 

(Impact) 

2.534±0.32 2.166±0.17 0.18 

Protein 

Breakdown 

(Control) 

2.192±0.16 2.115±0.19 0.73 

    

Protein synthesis 

(Impact) 

2.051±0.29 1.749±0.12 0.27 

Protein synthesis 

(Control) 

1.805±0.15 1.740±0.15 0.77 

    

Oxidation 

(Impact) 

0.482±0.05 0.418±0.05 0.29 

Oxidation 

(Control) 

0.388±0.06 0.374±0.05 0.58 

    

Net WBPT rate 

(Impact) 

(0.482±0.05) (0.418±0.05) 0.29 

Net WBPT rate 

(control) 

(0.388±0.06) (0.374±0.05) 0.58 
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Table 5.3. Body composition in eleven pre-OLT list patients randomised to 

Impact or control feeds who underwent WBPT studies at randomisation and 

then fourteen days later 

TBP; Total body protein, TBF; Total body fat, Data are mean ± SEM. P
*
 paired t-test 

 

5.4. Discussion 

 

The pathogenesis of wasting and body protein loss in cirrhosis is multi-factorial in 

nature and not well understood. PEM may be caused by altered substrate 

metabolism, reduced dietary intake of adequate calories and hypermetabolism. This 

may lead to protein depletion and overhydration, which are hallmarks of the cirrhotic 

state. A study that aimed to improve this state utilising peri-OLT IN (see Chapter 4) 

did not show a significant improvement in body composition or clinical parameters 

for patients fed with Impact.  

 

A number of studies have shown abnormalities in protein metabolism pathways in 

cirrhosis. Patients with early or compensated disease may show a deficiency in 

protein synthesis (Tessari et al., 2002). Reduced leucine oxidation rather than a 

difference in protein synthesis or breakdown was shown in a study by Mullen et al. 

(1986). The rates of catabolism also improved in cirrhotic patients with advanced 

disease after being fed with high protein and energy diets (Dichi et al., 2001). 

 Pre Post P
* 

TBP (Impact, kg) 9.9±0.6 10.3±0.7 0.06 

TBP (Control, kg) 12.2±0.9 12.1±0.9 0.81 

    

Weight (Impact, kg) 77.3±6.3 77.1±6.2 0.83 

Weight (Control, kg) 96.1±6.6 96.9±6.1 0.51 

    

TBF (Impact, kg) 18.2±5.2 18.1±5.2 0.71 

TBF (Control, kg) 24.8±4.7 25.3±5.0 0.33 
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Although a different tracer was used in this study, fasted cirrhotic patients were 

catabolic as seen in the current study. 

 

The current study has investigated whole-body protein metabolism in cirrhotic 

patients using L-[1-
13

C]Leucine tracer in the post-absorptive state. It is the first study 

to assess the effect of IN on protein metabolism utilising the WBPT technique. 

Further, it is also the first study to assess both dynamic (WBPT) and static (IVNAA) 

assessment of TBP changes after a nutritional intervention. A sub-group of the 

Impact randomised controlled trial (see Chapter 4) underwent WBPT and body 

composition analysis to assess whether IN alters protein kinetics that may lead to 

changes in TBP. Both groups were generally catabolic at the time of randomisation. 

After fourteen days of nutritional supplementation, there was a trend towards 

reduced catabolism and increased TBP in the Impact group; however, the changes 

were not significant. In the post-absorptive state, cirrhotic patients progress towards 

‘starvation metabolism’ faster than normal individuals (Owen et al., 1983). Patients 

may have exhibited different results in the current study if analysed in the fed state.  

 

Of the three nutrients that comprise IN, nucleotides and -3 FAs are involved in 

cellular proliferation, immune modulation and anti-inflammatory activity. Arginine, 

however, as a conditionally essential amino acid has the most direct influence on 

protein metabolism. It stimulates anabolic hormone release and improves nitrogen 

balance. In cancer patients fed supplemental arginine, positive nitrogen balance was 

achieved five to seven days after major surgery (Daly et al., 1988). Arginine has also 

been used as a therapeutic strategy to improve protein synthesis, cell signalling 

(through NO production), cell proliferation and to improve wound healing 
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(Stechmiller et al., 2005). In healthy volunteers fed an enteral supplement enriched 

in arginine, no change was found in WBPT rates (Claeyssens et al., 2007). The rates 

of protein synthesis and breakdown in healthy volunteers was mildly lower than 

those of the patients in the current study (Claeyssens et al., 2007). 

 

Despite the benefits of arginine supplementation, only a modest change in protein 

catabolism was noted in the Impact group. However, static body composition 

changes suggested that a small reduction in protein catabolism might lead to an 

increase in TBP accretion. The study is limited by sample size. This sub-group 

analysis was commenced towards the end of the recruitment of the main Impact 

study because of the time taken to procure materials and obtain sufficient labour for 

the study. However, the response rate was very high and had more patients been 

randomised into the Impact study, there may have been more patients available for 

WBPT analysis. There were no issues with compliance of the patients over the 

fourteen-day period. A key strength of this study is the fact that each patient 

completed the study protocol and was measured at two time points to enable a paired 

comparison of changes in protein metabolism. 

 

In conclusion, patients fed with IN for fourteen days showed a trend towards reduced 

protein catabolism and increased TBP. Future studies with greater power may show 

a significant reduction in protein catabolic rates and increased TBP accretion, but 

should be combined with studies of clinical efficacy of IN in patients undergoing 

OLT. 
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Chapter 6. Long-term body composition, physical function 

and quality of life after orthotopic liver transplantation 

 

6.1. Introduction 

 

End-stage liver disease is characterised by malnutrition and physical de-

conditioning. Previous work from the NZLTU has consistently demonstrated the 

high prevalence of protein depletion, overhydration and hypermetabolism that 

characterises the cirrhotic state (Plank et al., 2001; Peng et al., 2007). Few studies 

have investigated the nutritional profile of post-OLT patients. Hussaini et al. used 

DXA scans to assess changes in TBF and lean tissue mass as well as TBK scans to 

measure BCM. Fifty-five cirrhotic patients, in whom the primary aetiology was a 

cholestatic cause, were investigated up to two years post-OLT. There were only ten 

patients with paired data at 24 months post-OLT. At this time, there was a net loss of 

lean tissue mass despite increases in both body fat and body weight. The reduction in 

lean body mass was apparent at six months post-operatively. The immediate post-

operative losses in lean body mass were confirmed with reductions in TBK. There 

was a loss of bone mineral content (BMC) post-operatively, which was not regained 

within 24 months.  

 

A study conducted by Keogh et al. (1999) demonstrated similar results. Forty-one 

patients were followed for nineteen months post-OLT. Lean mass (measured by 

DXA) reduced by 3.3kg whereas TBF increased by 11.2kg. BMD decreased at all 

regional sites measured, including the femoral neck and lumbar spine (Keogh et al., 
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1999). Overall, the two major shortcomings of these studies were the short follow-up 

time and the use of inappropriate methods to estimate LBM or nutritional status. 

TBP measured by IVNAA remains the gold standard body composition 

measurement of malnutrition; it can withstand the significant overhydration of 

cirrhotic patients (see Chapter 2). 

  

Previous work from the NZLTU has detailed the body composition changes in the 

first year post-OLT in fourteen patients. Hypermetabolism was present for six 

months but REE returned to predicted levels at twelve months. However, 

overhydration and protein depletion did not improve during the first year. Patients 

lost 1.0kg or 10% of TBP with only 54% of this loss recovered within twelve 

months. When the PI was compared between the OLT patients and a cohort that 

underwent major colorectal surgery, the lack of anabolic activity in OLT patients 

was pronounced (Plank et al., 2001). 

 

The long-term survival rates after OLT are excellent and improvements in all of the 

major QOL domains, compared to pre-OLT levels, have been well documented (Jain 

et al., 2000; Younossi et al., 2000; Ratcliffe et al., 2002). Nevertheless, a recent 

systematic review of cross-sectional studies concluded that OLT recipients tend to 

score poorly in the physical functioning, physical role and general health domains 

compared to the general population (Tome et al., 2008). The reasons for this are not 

clear; however, contributing factors may include the medical complications of 

immunosuppression, disease recurrence, employment status and sexual function 

(Bravata et al., 1999; Kousoulas et al., 2008; Tome et al., 2008).  
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There have been no quality longitudinal studies of body composition using reliable 

methods beyond this period (one to two years post-OLT) to determine whether 

restoration of normal body composition ultimately occurs, and whether these 

changes influence functional recovery and QOL. 

 

6.2. Methods 

6.2.1. Patients 

 

Sixty-five patients, who were at least three years post-OLT and had undergone body 

composition, energy expenditure, muscle function and fatigue measurements 

immediately preceding OLT were eligible for inclusion in this study. The study was 

approved by the Auckland Regional Ethics Committee and written informed consent 

was obtained from each patient. For patients who consented to a follow-up 

assessment, measurements were performed close to the anniversary of their 

transplant in the BCL, utilising methodology identical to that of their pre-OLT 

assessment. Post-transplant complications, episodes of rejection, major clinical 

events, current immunosuppressant medication and graft function were sourced from 

patient medical records.  

 

6.2.2. Body composition and physiological function 

 

Body weight was recorded to the nearest 0.1kg using a beam balance and adjustment 

was made for the estimated weight of clothing. Height was measured using a 

stadiometer and then used to calculate BMI as weight (kg)/height (m)
2
. 
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A comprehensive body composition analysis was undertaken including TBP, TBF, 

FFM and TBW. A sub-group of the study population also underwent body 

composition analysis at one year post-OLT (n=31). Physiological function was 

assessed with GS and fatigue scores. These methods are described in Chapter 2, as 

are the definitions for PI and overhydration. Over a 5-year period from 1999 to 2004, 

measurements of an anthropomorphic phantom containing a solution with 

physiological concentrations of nitrogen and chlorine showed that precision and 

accuracy of the IVNAA scanner were stable. Precision was 2.8 and 3.1% at the two 

time points and accuracy was within 2% for nitrogen measurements. 

 

6.2.3. Resting energy expenditure  

 

REE was measured using IC, as described in Chapter 2. The definitions for 

hypermetabolism are the same as those used in Chapter 2 when FFM is used to 

calculate REEp. 

 

6.2.3.1. Health-related quality of life 

 

Health-related QOL was assessed using the SF-36 questionnaire (Ware & 

Sherbourne, 1992), which is described in Chapter 2. Scores for each domain were 

compared to normative local data (Scott et al., 1999). 
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6.2.4. Statistical analysis 

 

Data are presented as mean ± SEM, median (range) or number (%). Student’s t-test 

for paired data or the Wilcoxon signed rank test was used to compare the post-OLT 

data with that obtained pre-OLT. Pre-OLT measurements of FFM were corrected to 

normal hydration (FFMc), as described in Chapter 2. Fisher’s exact test was used for 

categorical data. SF-36 domain scores were compared with normative data using the 

single sample t-test. In all cases, the 5% level was chosen for statistical significance. 

Statistical analyses were performed using STATA version 9 (StataCorp., College 

Station, TX). 

 

6.3. Results 

6.3.1. Patient characteristics 

 

Of the 65 patients identified who had completed body composition analysis on the 

day of surgery, fifteen could not undergo follow-up measurements for the following 

reasons: five patients were not contactable, three had moved overseas, four had 

health concerns that precluded travel or had died, two had undergone re-

transplantation and one patient refused. Of the remaining 50 patients, five patients’ 

data were not included; they were either claustrophobic in the neutron activation 

machine (n=2) or had increased body habitus precluding the scan (n=3), leaving a 

total of 45 patients (see Figure 6.1). 

 

The median follow-up was five (range: 3–9) years. The ratio of male to female 

patients was 30:15. The median age was 49 (range: 25–69). The most prevalent 
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indication for OLT was viral (55%), cholestatic (20%), alcohol related (9%) or other 

causes (16%). Eleven patients (26%) had biopsy or radiological evidence of HCC. 

The severity of liver disease at the time of OLT was CPS A (two patients), B (twelve 

patients) or C (31 patients). Details of the patients at follow-up are shown in Table 

6.1. 

Table 6.1. Patient immunosuppression and graft function at follow-up 

  Patients (n=45) 

Current Immunosuppression 

 

 

 Tacrolimus monotherapy      (90) 

 Sirolimus monotherapy 

 

  2 (4) 

 Cyclosporine/Prednisone   1 (2) 

 Mycophenylate/Prednisone   1 (2) 

 Mycophenylate/Tacrolimus   1 (2) 

Graft Function   9 (20) 

Normal  36 (80) 

Abnormal   9 (20) 

 Chronic rejection   5 (11) 

Recurrent Disease   3 (7) 

 Current Illness
*
   1 (2) 

Other major illness
**

   3 (7) 

Data are expressed as number of patients (%) 

* One patient with T-cell lymphoma, ** One patient with tonsillar cancer, severe 

metabolic syndrome and pulmonary sarcoidosis 

 

6.3.2. Body composition and physiological function 

 

Baseline (pre-OLT) and follow-up measurements are shown in Table 6.2. Pre-OLT 

patients were protein depleted (PI [%], 81.6 ± 0.02), overhydrated (Hydration [%], 

77.6 ± 0.4) and 20% (nine patients) were hypermetabolic. The median fatigue score 

was six (range: 1–10) and GS was 88% of normal. At follow-up, there were 

significant changes in TBP, FFM and TBF (see Table 6.2). There was an 18% 

increase in TBP (1.6kg, P<0.0001) a 10% increase in FFM (5.4kg, P<0.0001) and a 
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7% increase in TBF (2.2kg, P=0.02). PI increased to near normal levels (96.9% ± 

0.02) and overhydration reduced significantly (72.2% ± 0.4).  

Table 6.2. Body composition and physiologic function (n=45) 

 Pre-OLT 3 or more years 

post-OLT  

P value 

Body weight (kg) 81.5 ± 2.3 80.8 ± 2.6 0.65
α 

Body Mass Index (kgm
-2

) 28.2 ± 0.9 27.9 ± 0.9 0.58
α 

Total Body Protein (kg) 9.1 ± 0.3 10.7 ± 0.3 <0.0001
α 

Protein Index (%) 81.8 ± 1.7 96.9 ± 2.0 <0.0001
α 

Fat-free Mass (kg) 47.7 ± 1.4
* 

53.1 ± 1.6 <0.0001
α 

Total Body Water (L) 45.1 ± 1.5 38.4 ± 1.2 <0.0001
α 

Hydration (%) 77.6 ± 0.4 72.2 ± 0.3 <0.0001
α 

Total Body Fat (kg) 29.4 ± 1.6 31.6 ± 2 0.02
α 

REE (kcal/d) 1682 ± 44 1554 ± 41 0.003
α 

Whole-body BMD (t-score) -0.32 ± 0.23 -0.32 ± 0.22 0.99
α 

Femur BMD (t-score) - -1.02 ± 0.21 - 

Fatigue Score 5.8 (1-10) 2.5 (1-6) <0.0001
β 

Grip strength (kg) 34.3 ± 1.8 39.9 ± 1.9 <0.0001
α 

Grip Strength (% predicted) 88.4 ± 3.2 106.5 ± 3.4 <0.0001
α 

Data are mean ± SEM, median (range) and number (%) 

*FFM corrected to normal hydration, 
α 

paired t-test, 
β 

Wilcoxon Sign rank test, 
¥ 

Fisher’s Exact Test 

Abbreviations: OLT, Orthotopic Liver Transplant; BMI, Body Mass Index; PI, 

Protein Index; FFMC, Corrected Fat-free Mass; TBF, Total Body Fat; REE, Resting 

Energy Expenditure; BMD, Bone Mineral Density 
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Figure 6.1. Protein index, hydration status and REE/REEp from pre-OLT to >3 

years post-OLT (Data expressed as % +/- SEM, *P<0.0001) 

 

BMI and BMD (t-score) were not significantly different between pre- and post-OLT 

(P=0.58, 0.99 respectively). Fatigue scores decreased by 54% (P<0.0001) when 

compared to pre-OLT levels. GS increased to within the normal range at follow-up 

(P<0.0001) (see Table 6.2). 

 

6.3.2.1. Sub-group analysis of total body protein 

 

Thirty-one patients underwent body composition analysis at one-year post-OLT to 

provide a cohort of complete TBP data at three time points. Figure 6.2 illustrates the 

changes in TBP (kg) compared to the predicted normal at baseline, one year post-

OLT and >3 years post-OLT in these patients. The number of protein-depleted 

patients was nineteen (61%) at baseline, fourteen (45%) at one year and three (7%) 

at long-term follow-up (see Figure 6.2). 
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Figure 6.2. Sequential measurements of Protein Index in 31 patients pre-OLT 

(Time=0) and at one year and >3 years post-OLT. Dotted lines represent ± 2SD 

for normal measurements 

 

6.3.3. Resting energy expenditure  

 

REE compared to predicted levels decreased from 110.6% ± 2.4 to 96.3% ± 1.9, 

P<0.0001 with three patients remaining hypermetabolic (see Figure 6.1). 

 

6.3.4. Health-related quality of life  

 

Complete SF-36 data were obtained in 42 patients. One patient refused to complete 

the questionnaire and there were language barriers with two patients. Table 6.3 

demonstrates the cross-sectional comparison between the patients (n=42) and 

reference population scores (n>7,000) for each of the eight domains. The patient 

scores were lower in the physical functioning (P=0.008), role physical (P=0.006) 

and bodily pain (P=0.03) domains at follow-up. There were no significant 
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differences in the scores for general health (P=0.16), vitality (P=0.29), social 

functioning (P=0.31), role emotional (P=0.87) or mental health domains (P=0.87). 

 

Table 6.3. Cross-sectional comparison of mean (SEM) SF-36 domain scores 

between OLT patients at long-term follow-up (n=42) and population norms 

(n>7,000) (Scott et al., 1999) 

Domain OLT Patients Reference 

Population  

P value 

Physical Functioning 75.4 ± 3.7 86.0 0.008
α 

Role Physical 73.2 ± 5.7 80.7 0.006
α 

Bodily Pain 66.8 ± 3.8 77.9 0.03
α 

General Health 68.0 ± 2.9 73.8 0.16
α 

Vitality 61.8 ± 2.5 65.6 0.29
α 

Social Functioning 82.1 ± 3.5 86.6 0.31
α 

Role Emotional 84.9 ± 4.6 85.0 0.87
α 

Mental Health 79.1 ± 2.5 78.0 0.87
α 

Scores are mean ± SEM 
α 

Single sample t-test 

Abbreviations: OLT, Orthotopic Liver Transplantation 

 

6.4. Discussion 

 

The current study has characterised the long-term body composition and QOL of 

OLT survivors. Patients who were at a stage greater than three years post-OLT 

demonstrate significantly improved TBP and FFM, normalised hydration but 

increased body fat compared to pre-OLT levels. REE and the prevalence of 

hypermetabolism decreased over time. OLT survivors were less fatigued and their 

GS returned to the normal predicted levels. However, BMD did not increase in the 

long-term. The QOL of OLT patients remained low when compared to the general 

population, particularly in the physical functioning, role physical and bodily pain 

domains despite the normalisation of body composition. 
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Two key changes in body composition demonstrated by cirrhotic patients are protein 

depletion and overhydration; both of these improved in the long-term. This 

represents a general improvement in body composition compared to the early years 

post-OLT, which have been marked by a lack of anabolism (Hussaini et al., 1998; 

Keogh et al., 1999; Plank et al., 2001). This finding in the short-term post-OLT was 

also confirmed in the present study (see Figure 6.2), which revealed similar numbers 

of protein-depleted patients in the pre-OLT and one year post-OLT period. Protein 

depletion in these early years may occur secondary to an ongoing metabolic insult on 

the new liver. Immunosuppressive therapy, in particular tacrolimus, may be a 

contributor as it has anti-IGF-1 activity (Semsarian et al., 1999). This effect may be 

dose dependant as immunosuppressant dosages typically decrease over time, which 

may reduce its effect on protein metabolism.  

 

Adverse clinical events such as infections, rejection episodes and recurrent disease 

will all contribute to the ongoing metabolic stress in these patients, which is more 

common in the early post-OLT period. The ‘brain-liver’ axis has been highlighted as 

an important pathway for monitoring hepatic substrate metabolism, regulated by 

hepatic vagal afferent fibres (Richardson et al., 2001). Denervation of this pathway, 

which occurs in transplantation of a new liver, may contribute to altered monitoring 

of the ‘fuel mix’ and predispose patients to the body composition abnormalities that 

have been described, in particular rising body fat (Richardson et al., 2001). 

 

Despite the general improvements seen in body composition, patients’ QOL was still 

reduced when compared to the general population. This study’s data is consistent 
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with the recent systematic review that demonstrated reductions in SF-36 domains 

compared to the general population in many cross-sectional studies, as well as 

longitudinal improvements in most domains compared to pre-OLT levels (Tome et 

al., 2008). The changes in QOL appear to be independent of the restoration seen in 

body composition. The physical and bodily pain domains are closely related and 

QOL may be reduced secondary to recurrent disease, reduced employment rates, 

sexual dysfunction and the medical complications of immunosuppression 

(Kousoulas et al., 2008; Tome et al., 2008). Fatigue scores complement the QOL 

data and comprise both physical and mental components. We have shown that 

fatigue levels do improve after OLT; however, the scores do not return to zero. This 

result corresponds with another study whereby 66% of post-OLT patients reported 

prolonged physical fatigue and reduced activity (van den Berg-Emons et al., 2006). 

Long-term OLT survivors could be targeted for rehabilitation and exercise 

interventions (Krasnoff et al., 2006).  

 

Despite the normalisation of body composition seen beyond three years, BMD 

remained reduced with no change in the number of patients with t-scores of less than 

-2.00 in either the pre- or post-operative group (data not shown). Osteoporosis is 

common and may affect up to 43% of the post-OLT population with a 20% fracture 

rate in the first year (McCaughan & Feller, 1994; Keogh et al., 1999; Ng & Bajjoka, 

1999; Giannini et al., 2000). Fracture risk increases with corticosteroid therapy, 

reduced physical activity and poor nutritional state (Ng & Bajjoka, 1999). This 

study’s data is consistent with other studies that demonstrated no improvements in 

BMD post-OLT (Stein et al., 2007; Valta et al., 2008). The resultant morbidity 
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associated with low BMD such as chronic pain, recurrent fractures and reduced 

physical activity may contribute to ongoing reduced QOL for many OLT survivors. 

 

There are limitations to the current study. An inherent selection bias in longitudinal 

studies is the inclusion of systemically well patients. Patients with recurrent disease 

or inter-current illness comprised a minority of the patient cohort. Despite this, the 

aetiology of cirrhosis and the general demographics of the patients is representative 

of the general cirrhotic population. This study has analysed pre-OLT and one-year 

post-OLT data retrospectively from a database of patients that have taken part in 

numerous studies within the department. The study of osteoporosis in the pre- and 

post-OLT period is the subject of a large body of research and the purpose of this 

study was not to focus on changes in BMD. Further, the measurement of BMD (t-

score) is provided from a whole-body DXA scan. More intuitive t-score comparisons 

of isolated femur or AP spine scans could not be performed due to time constraints, 

especially on the day of OLT. A key strength of this study is the utilisation of 

identical protocols for body composition methods, data collection and analysis at all 

time intervals enabling accurate paired comparisons. 

 

Long-term survivors (>3 years) post-OLT that are clinically stable may be expected 

to have normalisation of body composition, energy expenditure and physiological 

function. However, QOL does not improve to levels of that in the general 

community, particularly in the physical and bodily pain domains. 

 

Future work is required to assess the causes of reduced QOL, which may include the 

medical effects of immunosuppression as well as reducing the incidence of recurrent 
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disease. Exercise regimes and physiotherapy programs may assist long-term 

survivors to improve fatigue levels and QOL. Lastly, patients who are beyond three 

years post-OLT should still be followed up regularly in clinic with a view to manage 

their unique issues, including their social situation, sexual function, rehabilitation 

and nutritional needs.  
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Chapter 7. Conclusion 

7.1. Thesis summary 

 

Chronic liver disease is a protein catabolic illness that often leads to PEM and death. 

The causes of PEM are multifactorial; however, it is accepted that nutritional 

supplementation should be provided to patients, especially those with advanced 

disease. This thesis was concerned with using gold-standard body composition 

techniques for assessing PEM in the cirrhotic population. Studies were performed in 

the pre-, peri- and post-OLT periods to understand whether PEM or disease related 

variables predicted TFS, whether provision of specialised immunonutritional 

supplementation improved peri-OLT outcome and whether patients’ nutritional 

status improved in the long-term after OLT. This chapter summarises the principal 

findings of this thesis in relation to its specific goals (see Chapter 1) and outlines 

areas for future research. 

 

7.2. Principal findings 

 

A survival analysis in ambulatory cirrhotic patients was performed in which various 

nutritional and disease related variables were assessed in terms of their ability to 

predict TFS (see Chapter 3). In a multivariate competing risks analysis, serum 

sodium, hydration status and REE were shown to be independent predictors of TFS 

when compared to standard prediction tools (CPS and MELD score). This was the 

first study to show that hypermetabolism is associated with a faster progression 

towards OLT or death. Further, the patient cohort is broadly representative of the 
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cirrhotic population as previous studies had only concentrated on patients with viral 

illness (Tajika et al., 2002).. A novel variable, bioelectrical impedance phase angle 

was not shown to be independently predictive though it had utility in univariate 

analysis.  

 

A double-blind randomised controlled trial was performed to assess the benefits of 

peri-operative administration of IN for patients on the waiting list for liver 

transplantation (see Chapter 4). This large study demonstrated similar changes in the 

key outcome measures in patients consuming IN and an isocaloric isonitrogeneous 

control product. There was no significant change in pre-OLT accretion of TBP, no 

difference in 30-day clinical outcome, and no difference in accretion of TBP in the 

first year post-OLT. Both groups showed similar improvements in body 

composition, fatigue/performance scales and QOL one-year post-OLT compared to 

baseline, which is likely related to the amelioration of these factors by the transplant 

itself. 

 

A sub-group of this study population underwent combined dynamic (protein 

turnover) and static (body composition) analysis to understand the effects of IN on 

protein metabolism (see Chapter 5). Both patient groups were catabolic at the time of 

randomisation; however, after fourteen days of nutritional supplementation, they 

were found to be less catabolic, though not significantly different from baseline. 

There were no discrete benefits of IN although there was a trend towards reduced 

catabolism and increased TBP accretion in this arm of the study.  
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Patients who were greater than three years post-OLT participated in a study aimed at 

understanding the long-term changes in body composition (see Chapter 6). This had 

not previously been assessed beyond two years utilising body composition 

methodology. Patients greater than three years post-OLT had normalised their body 

composition, REE and physiological function. QOL remained significantly impaired 

compared to normal population scores, particularly in physical and bodily pain 

domains. This is consistent with other QOL studies in transplant recipients.  

 

The main conclusions of this thesis include: 

1. Serum sodium, hydration status and REE were independent predictors of TFS 

in patients with cirrhosis.  

2. There was an inverse relationship between REE and TFS, even amongst 

normo-metabolic patients. 

3. Bioelectrical impedance PA was not independently predictive after 

controlling for disease severity but may be a useful bedside tool to indicate 

global ‘unwellness’ associated with malnutrition and liver disease 

progression. 

4. Provision of IN to pre-OLT patients did not lead to improved TBP accretion 

or post-operative body composition and clinical outcomes when compared to 

control feeds.  

5. The first study of the effect of IN on protein metabolism using PT methods 

did not show a significant change in the catabolic state of cirrhotic patients 

compared to control feeds. 
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6. Stable patients greater than three-years post-OLT had body composition that 

was restored to normal but QOL remained impaired in physical domains 

compared to the normal population. 

 

7.3. Future research 

 

The results from Chapter 3 have contributed to the literature advocating a role for 

serum sodium in an adjusted MELD score for allocating organs in the US. Recently, 

a combined MELDNa score was unveiled that may be used in the future as a 

prognostic tool for OLT wait-listed patients in the US (Kim et al., 2008). The results 

from this thesis also have shown the utility of using serum sodium in the non wait-

listed ambulatory cirrhotic population. Further survival analyses are required to 

corroborate these findings and allow serum sodium to be used as a prognostic tool in 

this patient population. Hydration status may be the body composition marker of 

hyponatraemia and expansion of the ECF space, which parallels disease progression. 

It can only be assessed with accurate measurement of body water, as estimated from 

multicompartment modelling.  

 

The importance of hypermetabolism as a predictor of TFS was highlighted for the 

first time as previous studies had focussed on mortality only. Further studies are 

required to understand the mechanism underpinning raised REE in this patient 

group. The data from this thesis showed a relationship between β-blocker usage and 

reduction in REE. A RCT is currently being performed under the auspices of the 

NZLTU/BCL to ascertain whether β-blocker administration to cirrhotic patients 
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leads to a reduction in REE in both hypermetabolic patients and patients with normal 

REE. 

 

Clinical studies have suggested a benefit of IN in patients undergoing major surgery 

in terms of reduced LOS and morbidity, particularly in patients with upper gastro-

intestinal tract cancers (Waitzberg et al., 2006). However, the evidence for benefit is 

not clear in normally nourished patients and critically ill patients in whom a trend 

towards greater mortality has been demonstrated (Kudsk, 2006). The RCT presented 

in this thesis failed to demonstrate a benefit in terms of improved nutritional status or 

clinical outcomes in liver transplant patients fed IN. Certainly, OLT patients 

constitute a different patient sub-group compared with upper GIT cancer patients in 

terms of reversibility of disease, immune status and the need for long-term immuno-

suppression post-operatively, all of which may have contributed to the results 

observed. A trend towards improved protein kinetics was shown in the PT sub-study, 

suggesting that further clinical trials are required in this patient group before IN is 

discarded as an option for these patients. In particular, future studies need to address 

compliance in this patient group and perhaps the addition of mortality in the pre- and 

post-OLT setting as clinical outcomes.  

 

However, some authors have already questioned the need for further clinical studies 

in IN, citing the limited population in which it has been shown to be effective and 

lack of understanding of its mechanisms of action (Dupertuis et al., 2009). Instead, a 

paradigm shift has been suggested from IN to PN, which relates to a disease-

dedicated nutrition therapy (Jones & Heyland, 2008; Dupertuis et al., 2009). Instead 

of artificial therapy consisting of supra-normal levels of multiple nutrients in an 
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attempt to correct and prevent deficiencies in catabolic patients, PN instead considers 

the addition of individual nutrients delivered via the gut or parenteral route in 

addition to standard feeds reflecting a tailored approach to illness. Each individual 

nutrient will follow an optimum administration schedule (dose, route, timing and 

duration) to ensure complete delivery of the said nutrient (Dupertuis et al., 2009). 

Rather than using IN for all catabolic/critically ill surgical patients, a tailored PN 

package would provide individual ingredients that have been shown to be of clinical 

benefit in this patient group. Further, the application of individual immunonutrients 

(such as arginine, glutamine, glycine and -3 FA) to other non-surgical 

inflammatory and chronic disorders may be performed in the future (Dupertuis et al., 

2009). Studies relating to PN strategies are yet to be performed but do represent the 

future of clinical research in surgical and/or critically ill patients.  

 

This thesis included the first evaluation of long-term changes in body composition 

beyond two years post-OLT. Further research is required to understand why patients 

with normalised body composition still have reduced QOL when compared to the 

normal population, especially in the bodily pain and physical domains. The 

interaction of long-term immunosuppression, chronic rejection, recurrent disease and 

new co-morbidities needs to be investigated in the future. Follow-up of long-term 

survivors will require attention to physical fitness, exercise, physiotherapy and 

rehabilitation. One approach may be an RCT with interventions including exercise 

regimes, physiotherapy clinics or counselling with a psychotherapist, with outcome 

measures including fatigue scores and QOL. 
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Appendix 1. Liver Disease Quality of Life Questionnaire 

 

 

1.   In general, would you say your health is 
 Excellent Very good Good Fair Poor 

     
 
2.   Compared to one year ago, how would you rate your health in general now? 
 Much better Somewhat About the Somewhat Much worse 
now than one year better now than same as one worse now than than one 
 ago one year ago year ago one year ago year ago 

      
 
3.   The following items are about activities you might do during a typical day. Does your health now limit you in these activities? If so, how much? 
 Yes, Yes, No, not 
 limited limited limited 
 a lot a little at all 

a) Vigorous activities, such as running, lifting heavy objects,     

       participating in strenuous sports 

b) Moderate activities, such as moving a table, pushing a vacuum    

       cleaner, bowling, or playing golf  

c) Lifting or carrying groceries   

d) Climbing several flights of stairs   

e) Climbing one flight of stairs    

f)  Bending, kneeling, or stooping    

g) Walking more than a mile    

h) Walking several blocks    

i)  Walking one block    
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j)  Bathing or dressing yourself   



4.   During the past four weeks, have you had any of the following problems with your work or other regular daily activities as a result of your health? 
 Yes No 

a) Cut down on the amount of time you spent on work or other activities   

b) Accomplished less than you would like   

c) Were limited in the kind of work or other activities  

d) Had difficulty performing the work or other activities (for example,    

        it took extra time) 

e) Were unable to perform work or other activities at all  



5.   During the past four weeks, have you had any of the following problems with your work or other regular daily activities as a result of any emotional 
problems (such as feeling depressed or anxious)? 

 Yes No 

a) Cut down on the amount of time you spent on work or other activities   

b) Accomplished less than you would like   

c) Didn’t do work or other activities as carefully as usual  

d) Were unable to perform work or other activities at all   

 
6.   During the past four weeks, to what extent has your physical health or emotional problems interfered with your normal social activities with family, friends, 

neighbours, or groups? 
 Not at all Slightly Moderately Quite a bit Extremely 

      
 
 
 
 
7. How much bodily pain have you had during the past four weeks? 
 None Very mild Mild Moderate Severe Very severe 
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8.   During the past four weeks, how much did pain interfere with your normal work (including both work outside the home and house work)? 
 Not at all Slightly Moderately Quite a bit Extremely 

      
 
9.   These questions are about how you feel and how things have been with you during the past four weeks. For each question, please give the one answer 

that comes closest to the way you have been feeling. How much of the time during the past four weeks....... 
 All of Most A good Some A little None 
 the of the bit of of the of the of the 
 time time the time time time 
   time 

a) did you feel full of pep?      

b) have you been a very nervous person?      

c) have you felt so down in the dumps nothing      

      could lift you up? 

d) have you felt calm and peaceful?      

e) did you have a lot of energy?      

f)  have you felt downhearted and blue?      

g) did you feel worn out?      

h) have you been a happy person?      

I) did you feel tired?      

j) did you have enough energy to do the things      

    you wanted to do? 
 
10. During the past four weeks, how much of the time has your physical health or emotional problems interfered with your social activities (like visiting friends, 

relatives, etc)? 
 All of the Most of the Some of the A little of the None of the 
 time time time time time 

     

 
11. How TRUE or FALSE is each of the follwoing statements for you? 
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 Definitely Mostly Don’t Mostly Definitely 
 true true know false false 

a) I seem to get sick a little easier than other     

      people 

b) I am as healthy as anybody I know      

c) I expect my health to get worse      

d) My health is excellent      

 
12. Compared to your usual level of social activity, has your social activity during the past four weeks decreased, stayed the same, or increased because of a 

change in your physical or emotional condition? 
Much less socially Somewhat less About as socially Somewhat more Much more 
active than before socially active active as before socially active socially active 
 ago than before  than before than before 

      
 
13. Compared to others your age, were your social activities more or less limited because of your physical health or emotional problems during the past four 

weeks? 
Much more limited Somewhat more About the same Somewhat less Much less 
 than others limited than as others limited than limited than 
  others  others others 

      
 
14. How much of the time during the past four weeks...... 
 All of Most A good Some A little None 
 the of the bit of of the of the of the 
 time time the time time time 
   time 

a) were you discouraged by your health      

       problems?

b) did you feel weighted down by your health      

       problems?

c) was your health a worry to your life?      
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d) were you frustrated by your health?      

 
 
15. How much of the time during the past four weeks...... 
 All of Most A good Some A little None 
 the of the bit of of the of the of the 
 time time the time time time 
   time 

a) have you generally enjoyed the things      

       you do?

b) has your daily life been full of things that       

       were interesting to you?

c) have you felt cheerful, lighthearted?      

d) has living been a wonderful adventure      

       for you? 
 
16. How much of the time during the past four weeks has your liver disease limited you in...... 
 All of Most A good Some A little None 
 the of the bit of of the of the of the 
 time time the time time time 
   time 

a) your everday physical activities such as      

       walking or climbing stairs, carrying 
       groceries or participating in sports

b) your daily work, both work outside the        

       home and housework?

c) your normal social activities with family,      

       friends, neighbours, or groups? 
 
17. How much of the time during the past four weeks.... 
 All of Most A good Some A little None 
 the of the bit of of the of the of the 
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 time time the time time time 
   time 

a) were you discouraged because of your       

       liver disease?

b) did you feel weighted down by your       

       liver disease?

c) was having liver disease a worry in       

       your life? 

d) were you frustrated because of       

       having liver disease? 
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Appendix 2. Composition of the Trial Feeds 

 

    Impact (600 mL) Control (600 mL) 

   
Energy (kcal) 600 600 
% protein (g) 22 (34) 22 (34) 
% fat (g) 25 (17) 25 (17) 
% carbohydrate (g) 53 (80) 53 (80) 
L-arginine (g) 7.4 0 
L-serine (g) 0 5.6 
Glycine (g) 0 6.8 
L-alanine (g) 0 3.1 
L-proline (g) 0 2.7 
Dietary nucleotides (g) 0.8 0 
-3 fatty acids (g) 1.9 0 

-6 fatty acids (g) 1.7 5.2 

Vitamin A (g) 600 600 

Vitamin D (g) 4 4 
Vitamin E (mg) 18 18 
Vitamin K (g) 40 40 
Vitamin C (mg) 40 40 
Folic acid (g) 120 120 
Thiamine (mg) 0.72 0.72 
Niacin (mg) 9.6 9.6 
Riboflavin (mg) 1.02 1.02 
Vitamin B6 (mg) 0.9 0.9 
Vitamin B12 (g) 2.4 2.4 
Choline (mg) 160 160 
Biotin (g) 42 42 
Pantothenic Acid (mg) 4.8 4.8 
Sodium (mg) 640 640 
Potassium (mg) 804 804 
Chloride (mg) 720 720 
Calcium (mg) 480 480 
Phosphorus (mg) 432 432 
Magnesium (mg) 13.8 13.8 
Iodine (g) 90 90 
Manganese (mg) 1.2 1.2 
Copper (mg) 1.02 1.02 
Zinc (mg) 9 9 
Iron (mg) 7.2 7.2 
Selenium (g) 28 28 

Chromium (g) 60 60 

Molybdenum (g) 96 96 
Fluoride (mg) 1.02 1.02 
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Appendix 3. Karnofsky Performance Status Scale 
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Appendix 4. Christensen Fatigue Scale 

 


