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Abstract 

Background: Minimal Hepatic Encephalopathy (MHE) is a fluctuant cognitive deficit, and a common 

complication of cirrhosis, with significant health and socioeconomic consequences. Oral L-Ornithine 

L-Aspartate (LOLA) has been proposed to treat MHE but mechanism and efficacy are unknown. This 

study hypothesises LOLA treatment will correlate with improvements in: 

1) Cognitive function (primary endpoints) 

2) Relation to Brain-muscle axis (secondary endpoints) 

Design and methods: This double-blinded placebo-controlled trial included 34 patients (LOLA n=14, 

placebo n=20) over 12 weeks. All underwent psychometric testing (PHES, CogstateTM, Stroop, Short 

Form-36). Secondary endpoints included brain volume, white matter microstructure, brain function 

(proton MR spectroscopy/ functional MRI); muscle power (handgrip strength, 6-minute-walk-test); 

anthropometry (upper limb skinfold); muscle metabolome (lateral vastus muscle biopsy LC-MS 

analysis). 

Results: Significantly more patients receiving LOLA reported improved energy levels, specifically in 

Vitality (SF36 subdomain). No differences in PHES, Cogstate and Stroop test performance occured. 

Change-in-biceps skinfold thickness demonstrated significant gain with LOLA compared to placebo, 

without differences in power. LC-MS experiments were not discriminatory. Whole Brain differences in 

FA and RD suggested reduced brain oedema (subcortical volume reduction and global white matter 

changes). No significant group differences in fMRI task/ resting activation were seen. Spectroscopy of 

ACC showed significantly higher unresolved glutamine-glutamate (Glx) complex levels with LOLA, also 

correlating with increased PPI use, and may represent LOLA-driven increased Krebs-cycling or a 

function of altered gut microbiome.  

Conclusion: No cognitive benefits were demonstrated. Improved quality of life measures maybe a 

nutritional consequence also relating to increased biceps skinfold thickness with LOLA. Effects on brain 

oedema are postulated. Future studies need higher powering to allow subanalysis by aetiology, and 

smaller voxels at basal ganglia are recommended. Attempts to replicate rising ACC Glx with LOLA and 

regions of interest identified on fMRI subanalysis may be fruitful. 
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SEM Standard Error of the Mean 

SF36 Short Form 36 

SHE subclinical hepatic encephalopathy 

SIMCA 15 Satorius Stedim Data Analysis AB 

SIP Sickness Impact Profile 

SMN Sensorimotor network 

SMWT Six-minute walk test 

SNR signal to noise ratio 

SOP standard operating procedure 

SPM12 Statistical Parametric Mapping software package version 12 for analysis of brain imaging 
data sequences 

SPSS The Statistical Package for the Social Sciences 

SRN Self-referential network 

STEAM Stimulated Echo acquisition Mode 

Sum CRT-Cog 
Control 

Sum of Choice reaction time -Cognitive Control 

SUM CRT-DMN Sum of Choice reaction time-Default mode network 

Sum CRT-WM Sum of Choice reaction time-Working memory activation 

SUM WM-DMN Sum of Working Memory-Default mode network 

SUM WM-Cog 
Control 

Sum of Working Memory-Cognitive Control 

SUM WM-WM Sum of Working Memory-Working Memory 

SW Shapiro-Wilk 

T1 the spin-lattice relaxation time of RF to high-light body fat 
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T2 T2 relaxation refers to timing of decay of transverse magnetisation and high-light body 
fat and water 

TBSS Tract-Based Spatial Statistics 

TCA citric acid or Krebs cycle 

TCP Triceps Thickness 

TE echo time 

TG Triacylglycerols 

TIPS transjugular intrahepatic portosystemic shunt 

TLR4 Toll-like receptor 4 

TMT A Trail making test A 

TMT B Trail making test B 

ToF Time of Flight 

Tr trace (DTI metric) 

TR repetition time 

UK United Kingdom  

UKELD United Kingdom Model For End-Stage Liver Disease 

UL Upper Limb 

UPLC Ultra Performance Liquid Chromatography 

UPLC/UHPLC Ultra Performance Liquid Chromatography/Ultra-High-Performance Liquid 
Chromatography 

UPLC-MS Ultra Performance Liquid Chromatography/ Mass Spectrometry 

US United States 

USS Ultrasound Scan 

UV Univariate 

v1 visit1 

v2 visit2 

v3 visit3 

V3-V1 visit 3 minus visit 1 

Varcope amount of variance in corresponding COPE 

VEP Visual Evoked potential 

VN Visual Network 

VOC Volatile O Compounds 

VOI Voxel of Interest 

WAIS Wechsler Adult Intelligence Scale 

WAIS-R Wechsler Adult Intelligence Scale-subtest R 

WCONC default LC Model (white matter) water concentration correction = 35,880mmol/L 
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WHC West Haven Criteria 

Wk Week 

WM working memory  

WTAR Wechsler Test of Adult Reading 

XCMS software that reads and processes LC/MS data 

XEVO waters family of triple quadrupole Mass Spectrometers 

Λ Eigen value: length of axis in tensor 
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Chapter 1 

Minimal Hepatic Encephalopathy:  
An Introduction and Literature Review 

1.1 Background to the study 

The condition under study is Type C minimal hepatic encephalopathy (MHE), or minimal hepatic 

encephalopathy in the context of chronic liver disease, or cirrhosis. In its mildest form, this may merely 

result in impaired reaction times while driving or operating machinery, but if untreated it has the 

potential to progress to coma. 

Changes in mental state associated with chronic liver disease have been comprehensively described 

by Summerskill and colleagues as early as the 1950s. They also appreciated the myriad 

neuropsychological manifestations of hepatic encephalopathy (HE) in the context of cirrhosis of the 

liver and noted significant difficulties in treatment, due to lack of symptom recognition (Summerskill 

et al., 1956). 

The randomised double-blind study I describe used oral L-ornithine L-aspartate (LOLA) as an 

investigational medical probe (IMP) in a Phase 4 placebo-controlled longitudinal design to examine 

the cognitive and nutritional effects of oral LOLA therapy in those with MHE. LOLA is licensed for use 

orally in HE in Germany and works by driving the urea cycle to mop up circulating ammonia and thus 

prevent build-up and neurotoxicity. Animal models also suggest that LOLA can prevent muscle 

catabolism by incorporating the ammonia into muscle in the form of glutamine. 

Primary endpoints included paper-and-pencil-based PHES and computer-based Cogstate™ (Harvard 

Biosystems, Cambridge, Mass, USA) cognitive testing, but the modalities of magnetic resonance 

imaging (MRI) and muscle histology, anthropometry and mass spectrometry are also utilised. 

This study was the first-ever multi-modal double-blind randomised controlled trial (RCT) of MHE and 

oral LOLA. 
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1.2 Aetiology of Hepatic Encephalopathy 

The aetiology is both uncertain and multifactorial; however, the build-up of neurotoxins, especially 

ammonia, is thought to disrupt neurological function by causing brain swelling or oedema (see Figure 

1.1 below). 

Accelerated muscle loss is observed in those with chronic liver disease in general. It has also been 

shown that those with cirrhosis who have less muscle mass (otherwise termed sarcopenia) are the 

individuals that suffer more frequent episodes of HE and also a greater severity of HE than individuals 

with a preserved muscle mass. 

 

Figure 1.1. Brain-Gut axis in HE, the figure is adapted from Diseases of the Liver and Biliary System 

(Dooley et al., 2011). Bypass of the usual liver circulation in cirrhosis means the collateral 

circulation lets unfiltered blood containing toxins to enter the systemic circulation and from 

there allows access to the Blood-Brain barrier.  
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The aetiology of HE is likely to be a complex multifactorial process, and many plausible theories have 

been suggested. These have included the central role of the build-up of ammonia, which in excess acts 

as a neurotoxin. However, many other factors such as hyponatraemia, inflammatory cytokines, the 

neurotoxic effect of short-chain fatty acids, thiols and phenolic compounds, the generation of neuro-

steroids, and neurotransmitter imbalance have all been implicated, and like ammonia, these 

conditions are all capable of producing astrocyte swelling and a low-grade cerebral oedema 

(Haussinger et al., 2000). This suggests many, or all of these may be relevant cofactors. The reversible 

and fluctuant nature of HE suggests that biochemical homeostatic processes are responsible. 

Astrocyte swelling is the hallmark structural change found within the brain of patients with chronic 

liver disease. This transformation is referred to as Alzheimer type II astrocytosis, which changes normal 

astrocytes (the most abundant brain cell type) into large swollen cells, specifically with a large swollen 

nucleus, a large nucleolus  and margination of chromatin (Butterworth et al., 1987, Norenberg et al., 

1991). HE may occur due to the failure of the liver to filter out toxins in portal blood, or due to porto-

systemic bypass, whereby gut toxins bypass the liver circulation altogether. The observation supports 

this latter finding that HE may occur without hepatocellular disease in the setting of a porto-systemic 

bypass. As early as the eighteenth century Hahn and colleagues demonstrated a phenomenon 

described as “meat intoxication” in dogs which received porto-caval shunting surgery (termed the ‘Eck 

fistula’(Eck, 1877)) which was attributable to high concentrations of ammonia build-up within the 

blood after surgical bypass (Hahn et al., 1893). 

Shakespeare was possibly also alluding to this problem of a protein meal precipitating encephalopathy 

in context of cirrhosis when Andrew observed in Act 1, Scene 3 of the Twelfth Night (Shakespeare, 

1601, translated 1975) “I am a great eater of beef, and I believe that does harm to my wit.” 

1.3 Pathophysiology 

The aetiology of HE is known to be multifactorial (Table 1.1 below). However, the neurotoxin ammonia 

is thought to be a key player and is responsible for causing astrocyte cell swelling both in vivo and ex 

vivo. 

Ammonia was first implicated as a critical neurotoxin when the formation of an Eck’s fistula (Eck, 1877) 

in dogs a portocaval surgical shunt or an artificial connection made between the portal vein and vena 

cava were able to cause a syndrome of “meat intoxication”. Eck was a Russian Military Surgeon who 

performed this diversion to see if it was a viable surgical procedure and whether it could reduce ascites 

formation. His surgical research was curtailed by being called to military duties. The mechanism of 
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shunt, which induced hyperammonemia and the causation of altered consciousness was further 

studied by Pawlow’s research group (Hahn et al., 1893) who studied a series of 20 portocavally 

shunted dogs and observed that it was a benign operation as initially thought and protein meals 

increased ammonia burden and caused disturbed consciousness and confusion termed “meat 

intoxication”. This syndrome of confusion, agitation and drowsiness occurred because the filtering 

effects of the liver were bypassed, and these dogs were found to have very high concentrations of 

blood ammonia. A very comprehensive review of the Eck fistula in the English language1 was 

undertaken by Starzl, which was able to shed light on mechanisms of action (Starzl et al., 1983). 

Blood ammonia was also noted to be raised inadvertently in subjects with chronic liver diseases when 

a group of those with ascites were treated with ion exchange resins to reduce the peritoneal fluid. 

Unfortunately, while the resin absorbed sodium, they exchanged it for ammonium ions, and this 

resulted in hepatic encephalopathy. The reversibility of HE on withdrawing the oral resins was also 

demonstrated by the same researchers (Gabuzda et al., 1952).  

Later animal models of the portocaval shunts showed serum ammonia concentrations doubled, and 

brain ammonia concentrations tripled in these conditions (Butterworth et al., 1987). Human positron 

emission study of five subjects with cirrhosis and MHE compared to five healthy controls 

demonstrated both a two-fold increased permeability of the blood-brain barrier and a three-fold 

increase in the brain metabolic rate of ammonia (Lockwood et al., 1991b).  

A comprehensive UK study of 66 individuals with cirrhosis, with 33 of these having overt neurological 

symptoms and therefore overt HE, OHE, and the remainder being grade 0 or neurologically normal, 

plus an additional 33 healthy controls, was undertaken by Sherlock’s group (Phear et al., 1955). This 

study obtained 350 venous ammonia samples on 66 patients. The full spectrum of the neurological 

deficit under study in the cirrhosis arm was 0, being none, 1, minor disturbances in consciousness 

level, 2 gross disorder of consciousness, motor system, 3 being coma. This study did show higher 

ammonia concentrations in those with current or previous symptoms of HE. In hepatic coma, the levels 

of ammonia tended to be higher than cirrhosis with neurology which were higher than in cirrhosis 

without neurology. However, there was a wide fluctuation in levels in hepatic coma, and 10% of 

subjects had normal ammonia levels for each degree of neurological impairment. This study 

highlighted that ammonia was a non-ideal marker for severity of HE. 

 
1  Papers by Eck and Hahn are cited as they are the original source data, however they are in Russsian and 

German language and the review by Starlz (1983) is the one that was studied. 
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Some studies have shown arterial ammonia to be elevated even in the early stages of HE, but this is 

not a consistent finding. The degree of encephalopathy does not relate to the level of arterial ammonia 

in many studies with cirrhosis (Kundra et al., 2005) in contrast to acute liver failure, where ammonia 

correlates with HE grade and the risk of intracranial hypertension (Bernal et al., 2007).  

Human astrocytes cultures exposed to ammonia have developed the earlier Alzheimer type II 

astrocytosis, which is a marker of human neuropathology and recognised in the context of chronic 

liver disease (Butterworth et al., 1987).  

Nevertheless, given there is a failure to consistently correlate between blood ammonia levels and 

either progression of or advancement of HE- nor does it always decrease with treatment, blood 

ammonia arterial or venous, can only be partly responsible for causation of HE in cirrhosis. However 

the earlier described work on the Acute Liver Failure model, by Lockwood, showing that the blood-

brain permeability to ammonia is affected by increasing quantities of circulating ammonia and the 

brain’s rate of ammonia metabolisation show that brain ammonia levels themselves are likely to be 

more relevant to the development of HE than the absolute circulating value in the blood, which may 

not reflect the amount reaching the brain through altered permeability (Lockwood et al., 1991b) 

(Lockwood, 2004). Many anti-HE treatments are directed at ammonia reduction. While LOLA has 

ammonia lowering properties, this may not be its only mechanism of action.  

Chen and colleagues (Chen et al., 1970) have identified elevated breath levels of volatile fatty acid 

thought to reflect levels of short and medium-chained fatty acids in the blood of patients with HE. The 

administration of short and medium-chained fatty acids has been capable of inducing coma in rats 

(Zieve et al., 1974). Morgan and colleagues (Morgan et al., 1974) showed this effect is not replicated 

in humans who did not suffer any change in cognitive status when treated with either 6-carbon or 8- 

to 10- carbon chain fatty acids, this was despite the plasma concentration. Medium chain fatty acids 

concentration was three times as high those with cirrhosis as in healthy controls. There were also no 

changes in electroencephalography or in serum ammonia levels. 

Perturbations in amino acid levels have also been noted in those with HE. The most commonly 

described changes are increases in aromatic amino acids, phenylalanine and methionine and 

decreases in branched chained amino acids, such as valine, leucine and isoleucine (Fischer et al., 1974). 

Manganese has also been implicated in HE. This followed an observation that up to 70% of those with 

cirrhosis demonstrate a typical pattern of T1 hyperintensity of the basal ganglia (Krieger et al., 1996). 

The basal ganglia are known to have increased blood flow in cirrhosis and also to have an area where 
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a lot of Alzheimer type 2 astrocytosis occurs within the brain. Post-mortem studies basal ganglia tissue 

demonstrated a seven-fold increase in manganese concentration compared to normal. The 

mechanism may be due to a failure of biliary excretion of manganese in cirrhosis (Layrargues et al., 

1998). 

Abnormalities of neurotransmission have also been well documented. Glutamate (Glu) is the major 

cerebral excitatory neurotransmitter. In HE, the astrocyte reduces the build-up of toxic ammonia by 

converting Glu to glutamine. Animal models of Portocaval shunting and rats injected with 

intraperitoneal ammonia showed the mechanism of Glu re-uptake might be impaired where the brain 

is exposed to excess ammonia; in these circumstances, glutamate release into the extracellular leads 

to Glu depletion within the brain (Moroni et al., 1983). Several earlier human magnetic resonance 

spectroscopy studies2 (Table 1.12) have also shown increased unresolved glutamate-glutamine in 

cirrhosis, including (Kreis et al., 1991) (Laubenberger et al., 1997). However, while glutamine detoxifies 

ammonia, it may be neurotoxic in itself (Butterworth et al., 1987). 

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter within the brain, together 

with Glu, and acts to control the level of overall excitation within the brain. The action of Glu 

decarboxylase on Glu produces GABA. However, the majority of human GABA is produced by gut bacteria, 

and in health is metabolised by the liver. In Type C3 cirrhosis, due to a combination of portal bypass and 

hepatocellular failure, this reduction of GABA is not possible. GABA binds to a specific receptor which is a 

subunit of a larger receptor group, capable of binding drugs such as benzodiazepines and barbiturates.  

Significantly higher levels of plasma GABA were found in those with HE compared to healthy controls 

in a gas chromatography study (Levy et al., 1987); with raised plasma GABA binding activity indicative 

of higher circulating GABA. However, a subsequent study (Moroni et al., 1987) examining 17 subjects 

with cirrhosis and HE and 7 with cirrhosis and no cognitive impairment, found no significant 

differences in GABA levels between plasma and cerebrospinal fluid either between the groups or in 

serial plasma and CSF sampling over a two-week study where each subject had blood and CSF sampling 

at day 0 and day 14, suggesting GABA may be less critical in the development of HE. A recent double-

blind randomised study of 40 subjects with HE randomised to receive either a sham infusion or 

intravenous flumazenil demonstrated that significant improvement in the PHES score and the NCT A 

cognitive task was apparent in the benzodiazepine antagonist arm, suggesting that Anti-GABA agents 

 
2  See section 1.26 for further details 
3  See section 1.6 for classification. 
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can improve HE; no significant changes were seen in electroencephalogram appearances between 

groups (Dursun et al., 2003). 

Underactivity of the serotonergic (5HT) system has also been implicated in many of the symptoms of 

HE, such as sleep cycle disturbances. A study of 12 subjects with liver cirrhosis, 10 of whom had had 

previous HE and coma, previously underwent CSF and plasma measurement of tryptophan. When the 

results were compared to 20 other neurology patients (without any liver disease) undergoing LP, those 

with cirrhosis of the liver had a significantly higher concentration of CSF tryptophan with a fourfold 

increase compared to non-liver patients. There was no significant difference between the groups when 

plasma tryptophan was measured (Young et al., 1975). An increased concentration of 5HT metabolite, 

5-hydroxy indole acetic acid (5HIAA), has been isolated in post mortem brain patients with severe HE 

due to liver failure in a study of nine non-liver non-neurology patients and nine who died from liver 

disease and in advanced hepatic coma (Bergeron et al., 1989).  

Reduced cerebral blood flow and reduction in glucose consumption have also been shown in positron 

emission tomography (PET) studies; however, it is not clear if the reduction in energy metabolism 

causes the HE or if it is an effect of nervous system depression by HE. In a PET study of five healthy 

controls and five subjects with MHE with cirrhosis of the liver they demonstrated a reduction in the 

cerebral metabolic rate of ammonia and also increased blood-brain permeability (Lockwood et al., 

1991b). A further study by the same group (Lockwood et al., 1991a) was able to show that the 

parameters of cerebral blood flow and glucose metabolic rate or utilisation could predict whether the 

subject was a healthy control or a subject with MHE with cirrhosis about 95% of the time. 

Table 1.1. Theories on the pathogenesis. This table summarises examples of evidence in support of 

various HE theories. 

Factor Evidence 

Ammonia In human acute liver failure studies (Bernal et al., 2007) ammonia 
correlates with the depth of HE and risk of intracerebral hypertension. 
In cirrhosis with and without neurology relationship unclear 
(Phear et al., 1955). 
Astrocyte neurotoxicity both in vivo and ex vivo (Norenberg et al., 1991) 
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Factor Evidence 

Gut-derived toxins aminogenic bacteria increasing ammonia load 

Short and medium-chain fatty 
acids 

animal studies (Zieve et al., 1974), human work (Chen et al., 1970)  

Manganese post mortem studies (Layrargues et al., 1998), MRI (Krieger et al., 1996)  

Neurotransmitter alterations MRS studies, PET studies 

GABA an increase of Anti-GABA-ergic tone using BDZ antagonist Flumazenil 
improves HE (Dursun et al., 2003)  

Serotonin animal studies, autopsy studies (Bergeron et al., 1989)  

Glutamate MRS studies 

Reduced cerebral energy 
metabolism 

PET studies (Lockwood et al., 1991a) 

 

1.4 Prevalence of MHE, the size of the problem 

The prevalence of liver cirrhosis in the UK has risen sharply by almost 70% in the 1992-2001 UK study 

(Fleming et al., 2008) with cases increasing from 45.4% to 76.3 per 100,000 adults over 25.  The lifetime 

incidence of OHE is estimated to be 30-50% (Amodio et al., 2001) of all those individuals with cirrhosis. 

Boyer and colleagues (Boyer and Haskal, 2005) report as 30-44% increase in the development of OHE 

post-TIPPS shunting, a well-recognised risk of this therapeutic procedure in cirrhosis performed to 

reduce portal pressure to prevent complications such as refractory bleeding. The prevalence of MHE 

has been reported variously from 30-84% (Marchesini et al., 1980, Quero and Schalm, 1996) (Moore 

et al., 1989) and is therefore likely to be one of the most frequent complications of cirrhosis. 

 

The spectrum of the disease varies considerably: subclinical or “minimal” HE (MHE) is where patients 

appear normal on superficial interviewing, but where the individual’s ability to drive a car or operate 

machinery may be impaired; MHE is only identifiable on cognitive testing. OHE, by contrast, is a 

clinically apparent impairment in the domains of memory and intellectual function, with a noticeable 

disturbance in personality, consciousness and psychomotor dysfunction. The physician’s attention 

may be drawn to OHE either by the patient or their family or carers. During an episode of OHE, patients 

score poorly on psychometric testing, compared to those without OHE; and many have been 

recognised to have persistent psychometric deficits even after the acute episode of OHE has resolved 

(Bajaj et al., 2010). Unchanged cognitive function has also been noted in patients who have had 

previous OHE following liver transplantation (Sotil et al., 2009). The luxury of patient insight or the 

carers’ prompt to treat is not something afforded by the imperceptible deterioration in function in 

MHE. 
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The fact that many patients with cirrhosis, who seemingly usually function normally, have MHE has 

been recognized as early as the 1970 when Dr Ron Zeegan and his colleagues. They were able to 

determine the syndrome by impairments in drawing a five-pointed star and errors in number 

connection testing in up to 45% of patients without OHE (Zeegen et al., 1970). 

However, until recently, further study of this had been hampered by uncertainty regarding the best 

test(s) and its clinical implications. 

With 75% of patients dying within three years of experiencing their first episode of OHE (Bustamante 

et al., 1999), its presence is a marker of poor prognosis irrespective of degree. It follows that more 

individuals will suffer complications of cirrhosis, including HE, of which MHE is an important subset as 

the UK prevalence of cirrhosis increases. 

1.5 Definitions of HE 

The existence of mental aberrations in individuals with liver disease has been recognised for a long 

time (Patek and Post, 1941) and was referred to even in the age of Hippocrates in ancient Greece 

some 200 years ago on the island of Kos. 

HE can vary from personality and behavioural disturbances so mild as to be unnoticeable by those 

who are not close family members or friends of the person afflicted, ranging through florid 

neuropsychological and psychiatric disturbance through to deep coma. It is often a diagnosis of 

exclusion and for it to be made with confidence, knowledge of a patient’s premorbid personality, 

psychiatric history (if present) and cognitive function and education is critical, especially at the subtler 

end of the spectrum. It also requires many biochemical and other neurological conditions which may 

change behaviour and mental state to be actively excluded. It can be a fluctuant state where a patient 

may be encephalopathic one day and not next, particularly if a trigger factor such as an infection or a 

gastrointestinal bleed is alleviated or treated. 

The need for an MHE classification became apparent because even those deemed normal or grade 0 

on the original Parsons-Smith (Parsons-Smith et al., 1957) or West Haven scales (Conn et al., 1977) for 

HE categorisation exhibited subtle cognitive and neurophysiological abnormalities when this was 

explicitly tested. 

MHE was initially termed as subclinical HE, SHE, as compared to clinically apparent or overt HE, OHE, 

the signs and symptoms were absent on standard clinical examination. SHE was later renamed 

minimal hepatic encephalopathy or MHE, which was less problematic as a label than grade 0, but this 
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then incorrectly implied that it was minimally significant pathological change with little or no clinical 

relevance. However, currently, rightly or wrongly, this is the term du jour. 

MHE is defined as a cognitive impairment that is found to be present in those who perform normally 

on a full neurological and mental state examination and may only be diagnosed using specific 

psychometric and or physiological testing. Since it is difficult to diagnose and even more challenging 

to study HE, the definition is complex, and several classifications exist. 

An alternative school of thought is that rather than categorical demarcation, i.e. overt or minimal or 

Grade 0 or 1 HE with nothing in between, the natural history of HE is a continuum on the spectrum of 

neurocognitive impairment. The clinical range between a normal or cognitively intact patient with 

cirrhosis with minimal impairment through to observable or OHE has been referred to by some as the 

“spectrum of neurocognitive impairment in cirrhosis” or SONIC (Bajaj et al., 2009b) (Kircheis et al., 

2014). 

1.6 A formal classification of HE 

The 1998 Vienna HE consensus group meeting split HE into types based on the underlying condition 

of the liver: Type A associated with acute liver failure, Type B associated with porto-systemic shunting 

or bypass with no underlying liver disease and Type C associated with chronic liver disease, the most 

prevalent form encountered in clinical practice. The group also sub-categorised HE into episodic, 

persistent and “covert” or subclinical HE (Ferenci et al., 2002). 

Episodic HE (including precipitated, spontaneous [with no obvious precipitants] and recurrent time 

courses) are designed to replace the previous “acute” or “chronic” terminology to describe 

intermittent episodes of mental clouding. The previous nomenclature is potentially problematic as 

confusion could arise between the acute or chronic temporal nature of the episode, or the aetiology 

of the underlying liver disease syndrome (acute liver failure or chronic liver disease). See Table 1.2 

below. 
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Table 1.2. Proposed classification adapted from Ferenci et al. 2002. Type C is the most frequent type, 

associated with chronic liver disease and may be further subdivided into Episodic and 

Persistent or Minimal.  

HE Type Nomenclature Sub-category Sub-classifications 

A Acute Liver Failure   

B By-pass or portosystemic 
(no underlying liver disease) 

  

C Cirrhosis associated4 
(whether related to portal hypertension or porto-
systemic shunting, HE is defined by the presence 
of underlying cirrhosis) 

Episodic 
 
 
 
Persistent 
 
 
Minimal 

Precipitated 
Spontaneous 
Recurrent 
 
Mild 
Severe 
Treatment Dependant 
Nil 

 

Before this, classification attempts were made to split HE into OHE and chronic HE (CHE), but this 

thinking seems somewhat confused by today’s standards. 

 Minimal Hepatic Encephalopathy (MHE): A Special Case 

Subclinical HE has been renamed MHE in recognition that its discovery does have significant (and 

clinical) implications for patient performance of critical daily activities, such as working capacity 

(Schomerus and Hamster, 2001) (Groeneweg et al., 1998), driving safety (Bajaj et al., 2009a) and also 

the ability to have insight into their driving ability (Bajaj et al., 2008c) and quality of life, not only of 

the individual (Schomerus and Hamster, 2001) but also for their caregivers. 

It is clinically detectable if one performs the correct testing, in this case, psychometric assessment. It 

is important to note that it has been demonstrated that cognitive deficits may persist long after a 

patient has recovered from an episode of OHE (Bajaj et al., 2010). The risk of falls is considerably higher 

after the development of HE, and this is also true of MHE. Soriano and colleagues identified an 

abnormal PHES score of -4 or worse as being the only predictor of fall risk prospectively (Soriano et 

al., 2012), as well as retrospectively. 

 
4  Type C HE is divided into episodic, persistent or minimal. If episodic, this may be subdivided into episodes 

with a clear precipitant, no precipitant (spontaneous) and recurrent. Persistent HE is sub categorised 
further by severity. MHE is not subdivided further.  
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It remains unclear as to whether the prevention of MHE necessarily prevents the development of 

OHE. Romero Gómez and his colleagues from Seville in Spain studied the prediction potential of the 

presence of MHE (defined by number connection test and auditory evoked potentials) and were able 

to predict future episodes of OHE. Lower glutamine levels, the presence of oesophageal varices, and 

liver dysfunction were also correlated to the development of OHE (Romero-Gómez et al., 2001). It 

was already known that OHE is associated with an increased likelihood of death (Bustamante et al., 

1999), but whether MHE also confers a survival disadvantage is less clear. Professor Piero Amodio 

and his colleagues from the University of Padova in Italy identified 94 patients with cirrhosis without 

OHE, and after following them for 426 days, were able to demonstrate that those with MHE 

(determined by computerised testing) did have an increased likelihood of death (Amodio et al., 1999). 

The study by Vazquez Elizondo and his group from Alicante in Spain was able to find an adverse effect 

of the presence of MHE on 2-year survival (Vazquez-Elizondo et al., 2011). Hartman and colleagues 

who studied 116 patients with MHE with a median follow-up of 29 months, did not identify an 

increased risk of death but did predict an increased risk of OHE (Hartmann et al., 2000). 

A consensus has emerged that at least for improving quality of life (QoL) reasons, MHE should be 

screened for and treated (Lockwood, 2000) or at least be tested and considered for a trial of therapy 

(Ortiz et al., 2005). It is important also because of the effect that such unrecognised cognitive 

impairment may have on those who care for the individual and society at large (Montagnese et al., 

2012). MHE, by its very nature, is a diagnosis of exclusion and requires exclusion of other 

neuropathology, such as cerebrovascular disease, intracerebral infection, drug toxicity, uraemic 

encephalopathies and heavy metal poisoning, for example, before it can be diagnosed. 

1.7 Historical Clinical Scoring Systems for identifying Clinically Obvious HE 

Before the recognition of the presence and implications of MHE, HE was a clinical diagnosis, to be 

made at the bedside; tools of assessment included the presence or absence of asterixis, clouding of 

consciousness, perhaps the inability to draw a five-pointed star, right through to hepatic coma. In 

1957 Parsons-Smith and colleagues (Parsons-Smith et al., 1957) described a clinical scoring system 

graded 0-4, which was the first formal scoring system devised for HE, shown in Table 1.3 below. 
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Table 1.3. Original Parsons Smith score, where grade ‘0’ represents a normal level of alertness and ’4’ 

deepening of stupor.  

Grade Clinical Signs 

0 No abnormality detected 

1 Trivial lack of awareness 
Euphoria or apathy 
Impaired psychometry (serial seven subtraction, inability to draw a five-pointed star 

2 Obvious personality change while retaining gross defining features  

3 Confusion and disorientation 

4 Stupor but able to respond to stimuli  

 

This later became the modified Parsons Smith or the West Haven criteria after further modification by 

Conn and colleagues in 1977 (Conn et al., 1977). This may be seen as ousted and encapsulated in Table 

1.4 below. 

Table 1.4. Comparing the original West Haven score with an adapted version (Ortiz et al., 2007). This 

adapted West Haven score incorporated some basic tests of arithmetic.  

Stage West Haven criteria Adapted-West Haven criteria 

0 No apparent abnormality Alert and attentive (oriented in time and space) 
no signs of encephalopathy (dysarthria, 
asterixis, ataxia, or apparent psychomotor retardation. 

1 Minor lack of awareness 
Euphoria or anxiety 
reduced attention span 
Impaired addition of sums 

Alert and attentive, but with at least one> following: 
Dysarthria, ataxia, flapping tremor or 
decrease in the speed of mental processing. 

2 Lethargy or apathy 
Mild disorientation for time or place 
Subtle personality change 
inappropriate behaviour 
Impaired performance of subtraction 

Awake but inattentive: 
disoriented, drowsy, easy to distract, 
unable to perform simple mental tasks 
(addition, subtraction, recall of a number sequence). 
Speech is intelligible.  

3 Somnolence to semi-stupor 
however, responsive to verbal stimuli 
Confusion 
Gross disorientation 

Marked somnolence or psychomotor agitation. 
dysarthric, speech is difficult to understand. 

4 Coma 
(unresponsive to verbal or painful 
stimuli) 

Coma. 
No speech and unable to follow simple commands.  
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The West Haven score (Conn et al., 1977) was one of the first clinical scales designed to measure the 

degree of hepatic or liver-related clouding of consciousness. It is quick and relatively easy to perform 

a bed-side test. It requires a subjective assessment of the patient’s neurocognitive state. 

On this scale, Grade 0 represents the absence of any disturbance in consciousness, intellect, 

personality/behaviour or any neuromuscular changes. The minimum positive score is Grade 1 

representative of mild impairment, the maximum score Grade 4 encompassing severe HE and coma. 

An adapted version of the score is often used in clinical practice. This is shown in Table 1.4 above, 

comparing the original West Haven score (Conn et al., 1977) with its modified version (Ortiz et al., 

2007). 

One of the significant shortcomings of the scale is subjectivity and lack of definitions for the specific 

deficits. While a useful general tool, the West Haven index does not provide the objective cognitive 

assessments required to detect early or MHE and for example would not be an adequate measure of 

whether an otherwise well patient presenting to a general hepatology clinic would benefit from 

potential anti-HE therapy. 

1.8 Mixed Bedside Scoring Systems to assess the spectrum of Grade 1-4 
HE 

 The “Hepatic Encephalopathy Scoring Algorithm” (HESA) 

Another HE assessment tool, the “Hepatic Encephalopathy Scoring Algorithm” (HESA) was designed to 

address some of the weaknesses of the West Haven scoring system (Hassanein et al., 2013). It is a mixed 

scoring scale that combines the bedside exam with objective measurements of cognitive ability. 

The neuropsychometric (NP) tests (Table 1.5, column 2) were carefully selected in this battery because 

they were standardised, quick and easy to perform and score. Attempts were also made to minimise 

the effects of education. There are six versions of the test, which is unique in assessing both ends of 

the HE spectrum. 

Bass and colleagues (Bass et al., 2010) used the HESA scale as a second scale to confirm the West 

Haven scale was objective enough for their double-blind placebo-controlled trial of rifaximin and was 

able to show good concordance between HE scoring using both scales. 
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Table 1.5. Individual components of the HESA scale adapted from Hassanein and colleagues (Hassanein 

et al., 2008). Parts shaded grey are the neuropsychological tests deemed relevant for each 

grade of HE, the unshaded area relates to the clinical findings within the HESA score. 

Grade  1 2 3 4 

Requirements 
for diagnosis 

All 4 NP indicators  3> NP indicator 
plus 2> clinical 
indicators 

Impaired mental 
control required plus 
3> clinical indicators 

All 3 clinical 
indicators  

Indicators Impaired complex 
computations 

Impaired simple 
computations 

Mental control - 

 Shortened attention 
span 

Amnesia for recent 
events 

Somnolence No eye-opening 

 Impaired 
constructional ability 

Anxiety Confusion No reaction to 
simple commands 

 Depression/Anxiety Lethargy Disorientated; place No verbal response 

 Sleep disturbance Disorientated; time Bizarre behaviour - 

 Tremor Slurred speech Clonus, extensor 
plantar or nystagmus 

- 

 - Hyperreflexia - - 

 - Sslowed responses - - 

 - Inappropriate behaviour - - 
 

This scale has the advantages of covering the entire spectrum of HE from minimal through to coma. 

As the degree of HE deepens, the psychometry becomes less and less relevant and applicable to the 

clinical stage. The authors of this scale recommend the use of a decision tree to decide how much 

neuro-psychometry to perform at each stage. 

The HESA is most sensitive in detecting the extremities of impairment: no psychometric impairment 

on the one hand or severe HE on the other, and is less sensitive for detecting those intermediate 

stages in between. A few cases of West Haven Classification (WHC) grade 0 were reclassified as HESA 

grade 1. The use of the HESA alone is not sensitive for MHE mainly as the simple cognitive tasks are 

not challenging enough to detect subtle deteriorations. 

 The “Clinical Hepatic Encephalopathy Staging Scale” (CHESS) 

This is a simple nine-point scale, where 0 is neuro-psychometrically unimpaired, and 9 represents deep 

coma. The main strength of this tool is that because the selected nine questions have binary answers 

“yes=0” or “no=1”, health care providers could administer CHESS without specialised training in 

detecting HE. 
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The study that generated the CHESS questionnaire selected 48 neurological signs and symptoms of HE 

that could be assigned yes or no values and then performed item reduction (Ortiz et al., 2007) (see 

Table 1.6). The original CHESS battery was designed to assess the severity of HE. It was co-

administered with the modified West Haven score and Glasgow Coma Score to 36 in patients with 

cirrhosis. Inter-rater reliability was measured by repeating the exam within 10 minutes by the same 

two physicians to minimise day-to-day variability. They also assessed patients over 98 days to obtain 

a definitive natural history of their HE, during their inpatient stay. 

The co-examiner assessed each patient at least 20 times. The nine final questions included in the scale 

were selected from a comprehensive list of 48 neurological signs and symptoms, relating to the 

current time point and also the memory of the previous 24 hours. Item reduction was performed by 

principal component analysis (PCA). 

The study demonstrated a good correlation with the West Haven score and Glasgow Comas scales 

(GCS), with the recommendation that the scale is used in conjunction with the GCS at the more severe 

end of the HE spectrum. 

Table 1.6. CHESS battery, adapted from Ortiz and colleagues (Ortiz et al., 2007). This battery had more 

objective questions. 

 Yes  No  

Correct recall of current month 0  +1  

Correct recall of current day of week  0  +1  

Accurate counting backwards 20-1 (no errors) 0  +1  

Correct execution of two step command  0  +1  

Correct comprehension of assessor’s speech (based on question answering)  0  +1  

Awake and alert  0  +1  

Asleep/difficult to waken  0  +1  

Able to talk  0  +1  

Is speech fully intelligible? (all words comprehensible) 0  +1  

 

 The Portosystemic Encephalopathy Index (PSEI) 

The PSEI was devised by Conn and colleagues (Conn et al., 1977) and this score was one of the earlier 

attempts to combine a test of psychomotor function and biochemistry. Trail making tests with other 

clinical parameters including mental status, presence or absence of asterixis with an 

electroencephalogram and arterial ammonia were components. Given the complex nature of MHE 
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and HE, most experts recommend combining more than one test for cognitive assessment. However, 

this combination of tests is not widely in use, as The 1998 Vienna HE Consensus group discouraged 

the index’s use of arterial ammonia (Ferenci et al., 2002). Ammonia, while it remains a neurotoxin of 

interest, does not yet have an identifiable, clearly defined relationship with the degree of 

encephalopathy (Kundra et al., 2005). Other factors such as the presence or absence of inflammation 

and infection and the variable blood-brain permeability to ammonia make interpretation of blood 

ammonia parameter difficult. 

Awarding points for the presence of asterixis or the ‘liver flap’ is another problematic area because of 

its fluctuant nature. The PSEI scale may be distorted by a ‘flap’ which may initially be present, but 

might be lost with deepening encephalopathy. The original trail making tests (Conn, 1977) used in PSEI 

also did not take the subject’s age or educational background into account. 

Trail making tests are also known as number connection tests (NCT) and are a straightforward but 

useful series of paper-based tests. Dr Ron Zeegan and his colleagues in London’s King’s College first 

utilised them in 1970 in a seminal study; they employed a trail making test to assess the 

neuropsychological status of patients with known liver disease after porto-systemic bypass (Zeegen et 

al., 1970). They were able to demonstrate impaired performance in those who did not have any 

impairment on standard clinical, including a neurological examination. 

Two tests were selected: one for detecting constructional apraxia by drawing a five-pointed star and 

the second involving adapted versions of Reitan’s trail making tests (Reitan, 1955) (Reitan, 1958), tests 

were validated for detecting the presence or absence of organic brain damage. Dr Zeegan’s group was 

able to demonstrate that the trail making tests were more discriminant than the five-pointed star 

construction. Their study population comprised of 64 outpatients who had established portal 

hypertension (80% of these with established cirrhosis), treated in last three months by portal 

decompression. The control group also selected from outpatient attendees, had non-liver (and non-

neurological) conditions. These authors were able to demonstrate impaired performance on cognitive 

testing in those who did not have any impairment on standard clinical, including a neurological 

examination. 

Two NCT major variations exist: NCT Type A comprises 25 numbered circles; 1-25, displayed in a 

random arrangement. A pre-test, consisting of circles, precede this test numbered 1-25, and the 

subject is asked to connect them, as quickly and accurately as possible. The score is the number of 

seconds taken to complete the exercise 
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NCT B is an alphanumeric connection (Reitan, 1955) test, comprising numbers 1-13 and letters A-L 

displayed in a random arrangement. A pre-test does not precede this test. The order of connection is 

briefly explained: 1-A-2-B-3-C. Errors are not elaborated to the testee, but each subject is prompted 

that the connection is incorrect. The test score for the second test includes the time taken to correct 

his/her errors (see Figure 1.2 below for an example of NCTA, NCT B). 

Professor Howard Conn and colleagues from Massachusetts in the USA were able to show the effect 

of learning on the performance of this task after 20 repeats, over 10 weeks. To eliminate the effects 

of familiarity, they generated five different variations of varying difficulties of NCT A and NCT B, tested 

on healthy controls and hospital inpatients without neurological impairment. When performed 

sequentially, the more difficult test took longer to complete, but not when they were rotated 

randomly preventing the effects of learning (Conn, 1977). 

 

Figure 1.2. Diagrammatic representation of NCT A (usually numbered 1-25) and NCT B (usually 

numbered 1-13, and letters A-L). Refer to Appendix 10 for actual test sheet  

The main strengths of both (type A and type B) NCTs are that they are quick and straightforward to 

perform and do not require a physician to administer. They provide an independent measure of HE 

which can be usefully and cheaply used to monitor progress serially. However, they were subsequently 
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demonstrated to be a more sensitive test in a battery of other neuropsychological tests, rather than 

in isolation, or with the original combination of parameters described above. Given the slightly 

different cognitive processes involved, they test different aspects of brain function. The serial 

connection of numbers is merely a measure of psychomotor speed, but the alphanumeric serial 

connection is a test of attention and executive function, as it is a more demanding task. 

1.9 Specific Cognitive Difficulties in the MHE population and Aims of 
testing 

Evidence for psychometric testing suggests HE is a subcortical, rather than a cortical process (Randolph 

et al., 2009). Psychomotor delay is an early finding that was well described in the case series of 16 by 

Dame Sheila Sherlock and colleagues in 1954 at the Royal Free Hospital in London (Sherlock et al., 

1954). 

Joebges and colleagues (Joebges et al., 2003) were able to localise this to defective motor initiation 

rather than overall reduced speed of movement. Their study is comparing 15 patients with Parkinson’s 

disease to 35 patients with cirrhosis with a normal exam and normal PHES test and with patients who 

had a normal physical exam and abnormal PHES test defined as “No MHE” and “MHE”. The study 

videoed participants performing three dysdiadokinetic movements and measured the velocity of 

those movements. 

MHE is of particular interest because it is possible to be significantly impaired in the performance of 

complex tasks, such as driving, long before HE is was demonstrable by using clinical non-psychometric 

screening methods. Critical areas of cognitive dysfunction in MHE include attention deficit, vigilance, 

working memory and impairments of executive function, such as “response inhibition”. Response 

inhibition is the crucial ability to change the course of a previously planned action, and therefore, it is 

vital for modifying any conceivable activity after it is no longer appropriate. Errors of response 

inhibition are particularly likely to give rise road traffic accidents well documented in patients with 

MHE (Wein et al., 2004) (Bajaj et al., 2009a). Long term memory and language skills are usually intact. 

The International Society for Hepatic Encephalopathy and Nitrogen Metabolism (ISHEN) Practice 

Guidelines in 2009 (Randolph et al., 2009) only recommend two tests for the detection of MHE at 

present. This includes the paper and pencil “Psychometric Hepatic Encephalopathy Score” (PHES) test, 

widely used in Europe, or the “Repeatable Battery for the Assessment of Neuro-cognitive status” or 

RBANS (Randolph et al., 1998), a test battery designed in the USA, where PHES testing is not used. The 

2018 guidelines do recommend early diagnosis and treatment of MHE, where the individual is 
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employed in a high functioning capacity (Montagnese et al., 2019). This rationing is likely to represent 

a combination of lack availability of resources to test for a prevalent condition and perhaps need to 

redirect those resources to identification and treatment of OHE which is a predictor of death and poor 

outcome. 

The aim of neuropsychological (and indeed of neurophysiological testing) is to identify MHE early. 

Neuropsychometric or neuropsychological testing can be broadly divided into paper-and-pencil based 

tests, which are cheaper, quicker and portable and the slightly less mobile and more expensive, 

computer-based alternatives. In both cases, the importance of considering the confounding effects of 

linguistic barriers and educational background of the patient cannot be over-emphasised. In the latter 

scenario, unfamiliarity with computers in the older population may further add to the already 

considerable stress of cognitive testing. 

1.10 Neuropsychometric methods of Cognitive Assessment in MHE 
Paper-based testing 

From a background of neurocognition, Hamster and Schomerus (Schomerus and Hamster, 1998) 

performed the most comprehensive analyses of the utility of various cognitive tests performed on 

patients with HE. Thirty different cognitive tests were performed on 93 patients with cirrhosis and 163 

healthy controls. The analysis identified that tests of psychomotor speed and accuracy including line 

tracing, insertion of pegs into a peg-board, and tests assessing visuoconstructive abilities such as the 

digit symbol test were most capable of discriminating between those with and without cirrhosis. 

It was on this basis that the following seven tests were initially selected: digit symbols, serial dotting, 

line tracing, the digit span, cancelling-d test and the two NCT major variants. It is worth noting that 

the NCTs were chosen for inclusion in the proposed battery as their use was already widespread in HE 

testing, rather than due to the results of discriminant analyses. Initially, seven subtests formed the 

PSE Syndrome (PHES) test, this small battery was examined further and gave rise to the modern five-

part PHES test after validation in a sample of healthy controls, patients with cirrhosis with and without 

OHE and patients with inflammatory bowel disease, and a cut-off score between normal and 

pathological results of −4 was established (Weissenborn et al., 2001). 

 Paper and Pencil Hepatic Encephalopathy (PHES) Testing 

The PHES represents the UK gold standard for MHE and HE detection (Randolph et al., 2009) and is primary 

end-point for this study (please see Chapter 6 Results of Cognitive testing). This assessment method has 

been widely available in Europe since the 1980s, and it can be delivered relatively quickly using the medium 
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of paper and pencil. It also does not necessitate lengthy training for the examiner. Intriguingly, it is featured 

in the latest Italian Practice Guidelines (Montagnese et al., 2019) for assessment of CHE, but the Animal 

Naming Test is recommended in the outpatient (OP) setting for brevity. 

The PHES is a five-part battery5 comprising the following test components 

1. Digit Symbol testing (DST) 

2. NCT A 

3. NCT B 

4. Serial Dotting (SD) 

5. Line tracing test (LTT) 

In addition to 2009 guidelines (Randolph et al., 2009), it also featured as a recommendation in the 

previous guidelines from 2002 ISHEN working Party Convention (Ferenci et al., 2002) which specifically 

recommended a combination of the five sub-tests finally included in the PHES battery. 

The PHES test has been standardised by Professor Karin Weissenborn and her colleagues from 

Hannover in Germany, in 125 healthy controls (Weissenborn et al., 1997). Professor Weissenborn was 

able to show that after removal of subtests digit span and cancelling test, the sensitivity and specificity 

altered only minimally. The abbreviated test achieved a sensitivity of 96% and specificity of 100% 

(Weissenborn et al., 2001). The cut-off value between normal and abnormal test scores was set at 24 

points with respect to the mean total score of healthy control (Mean 0.5, SD 1.83).  

The PHES test has been standardised in German, Spanish (Romero Gomez et al., 2006) and Italian 

cohorts (Amodio et al., 2008) and in UK English speakers (Marks et al., 2008)6. 

To be defined as impaired, subjects must score at least two standard deviations below normal on two 

or more tests. The cut-off value for MHE is defined as a PHES total score of -5 worse in German 

populations and -4 or lower in Spanish and Italian cohorts. In English cohorts, impairment is more 

stringently defined at -3 or worse (Marks et al., 2008). Standardisation has also been performed on 

the Mexican population (Duarte-Rojo et al., 2011). 

 
5  See Appendices 8-17 for test instructions and copy of test. 
6  Different PHES cut-offs and normative data are used in different countries. This test requires familiarity 

with the Roman alphabet. Even between the Roman script languages the alphabet sequences is not 
identical. It is not ideal but unavoidable in tests that use alphanumeric not just numeric sequences which is 
universal in Europe and most other world scripts.  
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The PHES score may be used to predict Model for End-stage Liver Disease (MELD) scores, but on 

retesting, PHES cannot reliably be used to identify improvement. A critical analysis by Gerald Kircheis 

and colleagues attributes this to lack of equal weighting of each subtest to total PHES score, test re-

test reliability and the subjective and examiner dependent nature of scoring (Kircheis et al., 2007) . 

The PHES test takes 3-5 minutes to score using normative data tables. The line-tracing test takes 

slightly longer to score and allows the scores to be weighted for errors as well as time is taken. 

Education is an independent predictor of high test performance across all domains except Line Tracing 

(Amodio et al., 2002). This means variables such as school leaving age and occupation ought to be 

considered. Practice effects are also recognised; a 13-67% variation occurred when the test was 

repeated even if they were repeated after a delay (Amodio et al., 2002). This has given rise to 3-4 

slightly versions of NCTS and DSTs of the PHES to minimise learning effects. 

Also, when the test was validated in the English population, age and ethnicity were found to be 

performance predictors for all five subtests, compared to education alone, which could predict four 

subtests. This effect remained even when considering those with varied ethnicities for whom English 

was spoken as a first language. Dependent on which scoring system for the LTT was used, the 

classification rate for MHE in those clinically mentally unimpaired ranged from 12-21%. Consequently, 

a correction was applied to LTT and ethnicity when the English normative data are used (Marks et al., 

2008). 

As well as language, the PHES test also requires a degree of motor skills and knowledge of Arabic 

numerals and the Roman alphabet. For non-alphabetised individuals, Professor Radha Dhiman and his 

colleagues from the North Indian city of Chandigarh (Dhiman et al., 1995) have devised a version of 

NCT which does not require knowledge of numbers and letters, but there is some concern7 this may 

test other brain areas. The Figure connection tests he devised is an alternative to NCTA and NCTB, but 

these are used in combination with the other three standardised PHES subcomponents of digit symbol, 

serial dotting and line tracing tests which require neither literacy or numeracy, with all five subtests 

requiring completion similar to the standard PHES. Normative data was collected. Then PHES with 

figure connection tests was validated in 70 individuals with cirrhosis with a range of educational 

backgrounds from illiterate to post-graduate; the authors concluded it was as good as NCT to detect 

cognitive impairment. But because the FCT uses symbols instead of letters and numerals, there are 

 
7  Different PHES cut-offs and normative data are used in different countries. This test requires familiarity 

with the Roman alphabet. Even between the Roman script languages the alphabet sequences is are not 
identical. It is not ideal but unavoidable in tests that use alphanumeric not just numeric sequences, which is 
universal in Europe and most other world scripts 
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concerns that the same executive function tested by alphanumeric ordering is not being tested when 

the numbers and alphabet are removed from this task.  

In summary, then, the current gold standard remains PHES testing, to date. It is a simple, convenient 

and practical test. However, concerns remain over issues such as literacy, ethnicity and effects of the 

practice. 

American researchers do not use PHES (see section 1.14 RBANS) for a combination of reasons namely 

that local practice guidelines require chartered psychologists to perform cognitive testing, not medical 

doctors, but also due to lack of US normative data (Kappus and Bajaj, 2012). While PHES is current 

gold standard The ISHEN 2009 Practice guidelines (Randolph et al., 2009) also state that RBANS as a 

suitable alternative. It is worth noting that PHES and RBANS have never been compared head to head. 

In the US, there is a general movement towards computerised testing that non-psychologists may be 

able to order, perform and interpret themselves (Kappus and Bajaj, 2012).  

However, in Europe and Asia, use of PHES is widespread, with each population referring to their own 

normative data. The German data set takes into account the effects of higher education but not 

ethnicity. 

In my own project, PHES was the most appropriate primary end-point. The reason for this is that I was 

studying a specialised sub-group. I was examining the effects of MHE in a population who were high 

functioning, the majority performing white-collar jobs and whom had not been aware of any cognitive 

decline while MHE is necessarily the study of minimal impairment. My self-selecting population of 

predominantly white-collar workers of whom 70% did not have English as L1 but had all spent 

sufficient time in education to have good command of written and spoken English, so ethnicity was 

not as relevant to this study as in other study populations.  

As the second comparator of this primary endpoint, a computerised cognitive test, used widely for 

cognitive assessment in the drug-development industry both in the UK and USA, Cogstate was chosen. 

This test is devoid of numeracy and literacy; however, does expect subjects to be able to press buttons 

on a computer keyboard. 

 The Mini-Mental State Examination (MMSE) 

Folstein and colleagues devised the MMSE intending to make bedside cognitive assessment practical 

and straightforward. It was termed “mini” as it focused only on the cognitive capabilities and omitted 

questions concerning behaviour, abnormal thinking and thought formation. Given the limited 
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attention span of so many patients, the previous batteries were especially challenging to apply and 

deliver. It is an 11-questioned point-based scoring system (Table 1.7) which allows a non-clinician with 

minimal training to reach a score in a matter of minutes. It correlates with the Wechsler Adult 

Intelligence Scale (WAIS) test scores and shown excellent retest reliability in both the test sample A 

and sample B containing serial inpatients. 

It is not comprehensive and designed to be used in conjunction with other tests. It has the advantage 

that poor performance on orientation, memory, reading and writing tasks have more explicit 

implications for self-care than do failures in educational psychology batteries, i.e. WAIS tasks digit 

symbol, picture completion or vocabulary subtests. 

The Indian Association MHE guidelines instigated by Professor Dhiman and his colleagues from the 

Indian Union Territory of Chandigarh advocate the use of this battery in MHE trials as the reliability of 

MHE detection on the West Haven can be increased when used in combination with the MMSE. They 

also recommend the MMSE as a screening test before neuro-psychometry in MHE trials (Dhiman et 

al., 2010). 

Table 1.7. MMSE adapted from Folstein et al. (Folstein et al., 1975). This rapidity and practical nature of 

this screen made it a popular bedside screening method 

Domain Task Max score 

Orientation What is the 
Year, season, date, day, month 

5 points 

 Where are we 
State, county, town, hospital, floor 

5 points 

Registration Name three objects 1 per second. Ask the patient to repeat until they 
learn 

3 points 
(No. of trials 
taken) 

Attention and 
Calculation 

Serial 7s. Stop after 5. 
Alternative: spell ‘WORLD’ backwards  

5 points 
(1 point for each 
correct) 

Recall  Ask for three objects above (1 point for each 
correct) 

Language Name a pencil and a watch 2 points 

 “Repeat the following: No ifs ands or buts.” 1 point 

 3 stage command: 
“Take a paper in your right hand, fold it in half and put it on the floor.” 

3 points 

 Read and obey the following “CLOSE YOUR EYES.” 1 point 

 Write a sentence 1 point 



60 

Domain Task Max score 

 Copy design 1 point 

 Total score  

Consciousness Assess if alert, drowsy, stupor, coma  

 

 Repeatable Battery for Assessment of Neurological Symptoms (RBANS) 

The Repeatable Battery (RBANS) is the other paper-and-pencil-based test for the assessment of 

neurocognitive status. RBANS was a battery developed in the USA (Randolph et al., 1998) and 

recommended by ISHEN Guidelines 2009 in the absence of PHES testing (Randolph et al., 2009). PHES 

testing is available within the UK and Europe, but not within the USA because psychometric testing is 

a reimbursable expense performed by clinical psychologists. US insurance companies do not recognise 

PHES for this purpose8. However, the RBANS is a ratified test of neurocognitive function that may be 

performed by a non-clinical psychologist. 

RBANS was initially designed to detect dementia and also to screen and track the neuro-cognitive 

decline in other disorders including traumatic brain injury, schizophrenia and multiple sclerosis. 

Four alternate versions (A B C and D) exist to eliminate practice effects. Each is spanning the five 

domains of immediate and delayed recall, working memory, cognitive processing speed, 

constructional ability and attention. It is a portable test with 12 subtests that takes up to 25 minutes 

to perform at the bedside. The five resultant index scores obtained are immediate memory, 

visuospatial/constructional, language, attention and delayed memory. Immediate memory is tested 

by list learning and story recall. Delayed memory is assessed by using list recall, list recognition, digit 

string recall and story memory. Language skills are assessed by picture naming and semantic fluency. 

Attention is measured by digit span and coding and constructional ability by figure copy and line 

orientation. 

It has been used as an effective screening tool for HE in many US studies but has not been compared 

head to head with the PHES test, the European alternative. The test is categorised into cortical and 

subcortical components, and those with MHE tend to perform worse on its sub-cortical components. 

RBANS and PHES tests have never been compared in any study head-to-head. 

 
8  In the USA medical doctors are not indemnified to perform psychometry or cognitive assessment. This 

must be performed by a charted clinical psychologist.  
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 The Stroop paradigm, Colour-Word interference and Encephalapp 

The ‘Stroop effect’ refers to the cognitive delay that occurs when colour-word incongruity exists; it 

takes the brain longer to read out the word ‘red’ if it was written in green ink compared to black ink 

(neutral). The Stroop effect was first described comprehensively in 1935 (Stroop, 1935). It is a measure 

of selective attention as the brain receives conflicting information and has to decide to inhibit some 

signals. 

Stroop studied interference in two conditions: 

1. Reading colour names where the colour of the ink and the colour name are different and the 

second part reading colour names aloud in black ink. 

2. Naming colour test where colours printed in blocks and the colours called out, and for the 

second part of this test, the colour of the ink was called out, regardless of the words themselves. 

Stroop was able to show a delay in naming colours, which was higher than reading them out, which is 

likely an effect of training. Reading out or calling out the ink colour of incongruent stimuli took more 

time to complete than if they were congruent. 

A modern version of the Stroop test, the Delis Kaplan Executive Function System (D-KEFS) Color-Word 

Interference Test (CWIT) (Delis et al., 2001) tested four situations: colour naming, word reading, 

inhibition, and inhibition/switching. The inhibition part is designed to be more challenging, as it took 

into account the number of errors made and time taken to perform the test. 

EncephalApp is an AppleTM smartphone or tablet application also based on the Stroop paradigm (Bajaj 

et al., 2013). The app format, which can be displayed on an iPhone, increases user-friendliness and 

speed, and the format includes an easier “Off” state. EncephalApp was not designed as an app to 

detect HE, but it does fill an unmet need as MHE testing in the USA is unfeasible according to a survey 

of practice (Bajaj et al., 2007), due to lack of a short, simple screen that time-poor physicians need to 

be able to deliver. 

An initial study (Bajaj et al., 2013) compared EncephalApp with PHES, ICT and Block Design Test and 

studied 126 patients with cirrhosis prospectively and 51 age-matched healthy controls for the initial 

cohort with 43 additional patients with cirrhosis for the prospective validation cohort. The tests were 

repeated at 40+/-12days. The investigators found good discriminative validity for detection of MHE 

and test-retest reliability in cirrhosis. 
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A follow-up study by the same group (Bajaj et al., 2015) was based on a modification of the original 

EncephalApp, named the EncephalApp_Stroop which was modified for ease of use, rapidity of the 

screen and the ability to export data in excel sheets. . Instructions were added to standardise the 

experience. The stimuli-size was increased, and the output was exportable to Microsoft Excel. The 

new format includes an easier “Off” state where subjects have to touch the appropriate colour of the 

presented ### symbols in “green”, “blue” and “red”, and a difficult “On” state presents incongruous 

colour stimuli; the word “Red” will be presented in a blue colour, and the correct answer is blue. The 

improved app also times out after 20 attempts and makes practice runs mandatory to progress 

through testing. Errors mean repeat attempts, so the subject has an opportunity to learn the correct 

way to respond. The critical difference between those who were impaired and unimpaired in terms of 

HE was psychomotor speed and reaction times. Stroop measures of cognitive flexibility and accuracy 

are not so relevant in this situation. 

A study by Professor Piero Amodio (Amodio et al., 2005) and colleagues from Padova in Italy looked 

at power of attention tests in MHE, utilising Stroop, Focus9 and Posner test10. All three are 

computerised requiring a viewing screen and button press responses. They found that Stroop task 

performance was slower in those patients with an altered EEGs compared to those with normal EEGs; 

the former group having a more advanced degree of liver cirrhosis. They also concluded that subjects 

met particular difficulty with the Stroop, compared to the Focus and Posner tasks in terms of reaction 

times and the number of errors. They postulated this was due to the reduced ability to cope with 

attentional tasks requiring selection and inhibition and the anterior attention system was more 

important than the posterior in the early stages of HE. 

 Animal Naming test (ANT) 

In its purest form, this test of category fluency requires very little equipment and merely requires 

participants to retrieve names of animals from their own memory store. It is probably the most 

 
9  The Focus test uses Benso’s (Benso et al 1998) paradigm. A circle cue in the centre of screen appears and 

stays on screen. 80% of the time a smaller target within the circle is supplied after a delay of either 200, 
500, or 700ms after cue. Reaction times are measured from when the target appears to the time of 
subjects’ key press on keypad. 

10  The Posner test (Posner 1980) measures attention by manual and eye movement reaction times. Subjects 
are asked to fixate on a central cross on a screen. Two additional boxes to left and right are also shown. An 
arrow (the cue) pointing left or right is presented. Following the cue, a target shape appears in left or right 
box. The observer registers response by button press. The response times are measured and whether the 
cue is valid (pointing the same direction as target) or invalid (cue pointing the opposite direction). 
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popular subcategory from the original ‘Set test’ where participants have to name as many items as 

possible from 4 subcategories; colours, animals, fruits, towns (Isaacs and Kennie, 1973). 

Verbal IQ is known to be preserved in HE in general, but despite this Campagna and her Italian 

colleagues (Campagna et al., 2017) have been able to show that a variation of this test “how many 

animals can you name in 1 minute” is a rapid and sensitive test. Test scores predict not only OHE and 

risk of death in the trial and validation groups of the study, but also fewer animal names were 

generated in the so-called unimpaired patients with cirrhosis when compared to healthy controls. 

Animal naming ability was abnormal in 8% of patients who had PHES test within the normal range. 

This supports the idea of a continuous spectrum of cognitive decline in patients with cirrhosis. The 

ANT appears to be a test of organisation and executive function for memory retrieval as well as the 

recall itself. Its use is endorsed in day to day practice by the Italian HE guidelines (Montagnese et al., 

2019). 

1.11 Computerised testing methods 

 Inhibitory Control Test (ICT) 

The ICT is a computerised test of attention and response inhibition. The test involves a presentation 

of various letters at a rate of 500ms per letter. In the letter sequence, X and Y are also presented. The 

candidate is initially instructed to press a button to respond each time an X or Y is visible on the screen. 

The candidate is instructed to press the button only, in the second part of the test, when X alternates 

with Y, which is defined as a ‘target’ sequence. They are instructed not to respond when X and Y are 

not alternating. 

This is a “lure”. A high lure rate is an error of commission, and the low target rate is an error of omission 

or taking too long to respond to a target reaction time. 

Bajaj and colleagues (Bajaj et al., 2008a) demonstrated that a cut-off of more than five lures was able 

to detect MHE with 90% accuracy. 

 Cognitive Drug Research (CDR) Battery 

This battery was explicitly developed to quantify the pharmacological effects of drug therapy, both 

beneficial and adverse effects, on cognition in a variety of patient populations, as its name suggests, 

it was developed by Cognitive Drug Research Ltd, Goring on Thames, UK, in addition to measuring 

drug effects, it has also been validated for use in traumatic brain injury (Keith et al., 1998), dementia 

(Simpson et al., 1991) and HE (Forton et al., 2002), (Mardini et al., 2005). 
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This computer-based tool examines the following five domains: the power of attention, continuity of 

attention, the speed of memory, quality of working memory and quality of episodic memory. These 

five composite domain scores were derived after principal components analysis of 17 factors in a 

nutritional supplement study measuring the effects of Gingko Biloba on the cognition of 272 healthy 

subjects using the CDR tasks listed below (Table 1.8) (Wesnes et al., 2000). The mean age-matched z-

scores for all individual tasks provide a measure of how many standard deviations away from the mean 

score for their age a study subjects’ score was. 

Table 1.8. Types of CDR task  

CDR task Description 

Simple Reaction Time Prompt detection of a repeated stimulus (the word YES) 

Immediate Word Recall Number of correct immediately recalled words out of 15 

Digit Vigilance Correct identification and response to a target digit from a random digit sequence 

Choice Reaction Time Accuracy of discrimination of visually presented words ‘YES’ and ‘NO’ 

Spatial Working Memory Storage and retrieval of visuospatial facts, e.g. a picture of a house with a 
variable number of windows lit from working memory 

Numeric Working Memory Identification of five target numbers from a larger digit string  

Delayed Word Recall Number of correctly recalled words from the original immediate recall list 

Delayed Word Recognition Ability to identify the same 15 words when another 15 new words are added  

Delayed Picture Recognition Accuracy of identification of 20 previously displayed pictures after 20 new 
ones are added  

 

Each task has 50 alternate versions, which are of equivalent difficulty, and these are randomised 

across repeated assessments. Randomisation prevents systematic bias in the comparison between 

visits when comparing between or within groups (Edgar et al., 2011). 

The CDR takes around 15-20 minutes to complete. All stimuli are displayed on a computer screen. To 

minimise the fine motor demands of small button presses, patient responses are recorded through 

pressing one of two large buttons, marked ‘YES’ and ‘NO’. Usually, the subject’s response is recorded 

by pressing buttons; but in the eventuality where this is difficult, oral responses may be recorded by 

the test administrator should this be appropriate. 

The CDR has been compared with PHES testing in a population of patients being evaluated for liver 

transplantation (Mardini et al., 2005) and also for transjugular intrahepatic portosystemic stent shunt 

placement (TIPSS) follow-up. CDR performance worsened following TIPSS insertion and improved after 
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a liver transplant operation. The CDR performance also correlated well with PHES scores and is a useful 

candidate test battery for diagnosing MHE (Mardini et al., 2005). 

The CDR battery is a convenient tool for the researcher; component measures do not need to be hand-

scored and entered into datasets, unlike the paper-based methods described earlier, making the test 

a popular choice by reducing rater burden and making the tests better suited to clinical trials and also 

to be delivered by non-specialists after a brief period of training. 

The electronic data capture lends itself well to the research setting for data-retrieval and subsequent 

submission for analysis. All data processing occurs centrally at CDR Limited (Maidenhead, Berkshire, 

UK), where a large bank of age and sex-matched control data are available. 

 Scan tests and Sternberg paradigm 

Sternberg’s paradigm (Sternberg, 1969) is a test of working memory; subjects are presented with sets 

of items for recall, for example, numbers or letters, each set containing different numbers of items. 

Then, the subject is presented with a probe stimulus (so-called as the presentation of this number or 

letter is designed to probe the subject’s memory of the previously presented sets), and they are asked 

to decide if it was a member of the original set. The difficulty or decision/reaction time was found to 

increase as the size of the set increases. The second finding from Sternberg’s study was that the mean 

reaction time to answer “yes” or “no” was equal. It suggests that in short term memory tasks the brain 

does not search through a list, which might mean “yes” responses are faster than “no” responses to 

effect, but the brain continues to scan through all sets or lists before responding finally. 

The “Scan Test” is a computerised test measuring reaction time, based on Sternberg’s paradigm 

(Sternberg, 1969). It is an ‘n-back’ task. This task requires the recall of a number string ‘n’ or any 

number back. For example, in a “one back” task, the subject is required to recall the number one 

before the presented string, two back, two number strings before the one presented or ‘n’ number 

strings back for example. In this task 36 pairs, triplets, or quadruplets of randomly ordered numbers 

appear and candidates are asked to press 1 or 3 on the keyboard, based on whether they had seen at 

least one common digit from the pair now displayed compared to the numbers displayed one screen 

before or “one before”. The performance measures are reaction time and percentage errors when at 

least one digit is shown again. “Timeouts” occur when the subject fails to make a decision in the 

allotted time, and the next number sequence is presented without delay. Age- and education-matched 

scores are calculated, and a failed test represents a score of more than two standard deviations below 

the value of the reference. 
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 CogstateTM 

The Cogstate™ Research battery (Cogstate Research Inc., Cambridge, Massachusetts, USA) is a 

computer-based pharmaceutical research tool that is capable of measuring many different domains 

of cognition. Cogstate™ has already been validated in the Alzheimer’s dementia population (Maruff 

et al., 2009) (Pietrzak et al., 2009), for traumatic brain injury, concussion and also in HIV-associated 

cognitive impairment (Cysique et al., 2006) (Underwood et al., 2017). 

It shows excellent potential in quantifying the specific deficits in HE. It has been designed to be used 

serially, so the authors have done much work on practice effects. Tests show excellent stability, even 

if multiple assessments are carried out during a day (Falleti et al., 2006), (Darby et al., 2002), (Hammers 

et al., 2012). This is in direct contrast to paper and pencil methods, where the effects of learning 

memory and repetition are more relevant. 

Recent studies (Maruff et al., 2009) (Pietrzak et al., 2009) have shown that primary outcome measures 

on the Cogstate™ battery have strong correlations with conventional neuropsychological tasks. The 

primary outcome from each task correlates highly with measures of the same psychological construct 

in both healthy adults and those with neurological disease. 

Criterion validity of Cogstate™ has been demonstrated by establishing that compared to age- and sex-

matched controls, patients with various diseases and injuries involving the central nervous system. This 

computer-based test can assess the domains of executive function/spatial problem solving, the 

psychomotor functioning/speed of processing, visual attention/vigilance, visual learning and memory, 

verbal learning and memory, attention and working memory, and these are particularly relevant to the 

nature of deficits encountered within HE. This research tool is also capable of assessing visual motor 

function and social cognition; however, these are less relevant to the study population of interest. 

The effects of variable linguistic abilities are minimised by tasks being based on playing card formats. 

Written instructions are presented on the screen. Responses are made on a computer keyboard 

represented on the screen but are also read out by the examiner. Responses by using the “k” key for 

yes and “d” key for no and are entered on a computer keyboard. The test-battery requires 15 to 20 

minutes to complete (Wild et al., 2008). 

The website (www.cogstate.com) provides sample screen-shots with examples of various test tasks; 

the screenshots displayed in Table 1.9 below are from www.cogstate.com as are task descriptions. 
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Table 1.9. Components of the CogstateTM battery. See Appendix 18 for screenshots of subtasks and 

instructions. 

Task Descriptor Functions tested 

Fixed Response 
mapping 

Press k” key if ‘yes’ appears on screen and “d” key if ‘no’ 
appears 

- 

Groton Maze The subject has recalled and replicates the specific 28 step 
pathway shown on screen through a 10 by 10 grid using 
identical steps without touching the same square twice 

 

Executive Function / 
Spatial Problem 
Solving 

Set Shifting Is this the target card, the target changed according to 
colour or number 

 

Executive Function  

Continuous Paired 
Associate Learning 
Task 

Volunteer must learn and remember the pictures hidden 
beneath different locations on the screen. The subject must 
tap the target to begin. As each image to be learned is 
revealed, the subject must tap each location and remember 
where the picture was located 

 

 

Card identification 
task 

Is the card red? Visual Attention / 
Vigilance  

One back A playing card is presented facing up in the centre of the 
screen. The subject must decide as each card is presented 
whether it is identical to the one just before. Therefore, the 
first answer is always “No”. 
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Task Descriptor Functions tested 

Two back A playing card is presented facing up in the centre of the 
screen. The subject must decide as each card is presented 
whether it is identical to the one shown two cards before.  

 

International 
shopping list 

In this task, I am going to read you a shopping list. I would 
like you to remember as many items from this list as 
possible. Are you ready to start 

Verbal learning and 
memory 

 

Cogstate™ is also capable of assessing visual motor function and social cognition. However, these are 

less relevant to those patients with HE as other domains are primarily impaired. Since the subtests are 

principally based on playing card formats, there is no need for the assessment of verbal abilities. Again, 

responses are recorded in the same way; “k” key button-press for ‘yes’ and “d” key button press for 

‘no’. The effects of learning and education may be eliminated with an additional advantage of choosing 

the Cogstate™ system; that it affords the opportunity to tailor-make an individualised battery to 

individual requirements11. 

The basic unadapted Cogstate™ battery is a comprehensive 35-45 minute computer-based 

psychometric-based battery that tests executive function, psychomotor function/processing speed, 

working memory and attention, visual attention and vigilance, visual and verbal learning and memory 

(see Table 1.10 for Task Domains). 

Table 1.10. Domains tested by Cogstate BatteryTM 

Cogstate task Domain tested 

Executive Function Groton Maze Learning 

Visuomotor Function Chase test 

Psychomotor Function Detection task 

Visual Attention Identification task 

Visual Learning and Memory One Card Learning (OCL) 

Visuo-Spatial Memory/Attention Continuous Paired Association Learning 
(CPAL) 

Verbal Learning and Memory International Shopping List (ISL) 
Immediate vs Delayed Recall 

Attention/Working Memory One Back Task (OBT) 

 
11  The CogstateTM test is validated for repeatability.  Not all subtests such as ability to detect emotional distress 

from facial features were relevant to my study population. The final battery of subtests used for each patient 
remained constant on all visits. But computer-generated minor variations removed the effects of learning.  



69 

Executive function and spatial problem solving: this test requires the subject to observe a visual 

demonstration of the correct route for a target to move from one end of a 6x6, 8x8 or 10x10 square 

grid. Volunteers then need to recall this and repeat the exact path by using the computer’s mouse. 

This maze task also requires dexterity and fine motor coordination. 

Attention and psychomotor function (simple reaction time, choice reaction time): this test is based 

on playing cards and their orientation (being face up or face down) and whether playing cards have 

been previously shown (vigilance). 

Working memory and verbal memory: this test involves recalling card sequences and also 

remembering a shopping list where items are read out by the assessor (the subject is not allowed to 

see these words), allowing both immediate and delayed testing of verbal memory. 

Visual memory: this test initially uses one card recognition (has this card been seen before?), followed 

by a more advanced continuous paired association task which will require the subject to remember 

the position of a selection of face-down cards to correctly match the ones that are the same. 

1.12 Neurophysiological testing 

A variety of methods exist for neurophysiological testing: the most commonly practised is the 

electroencephalogram (EEG). An EEG can quantify the amount of neuronal activity at a given time. The 

advantages of these methods are that the effects of prior education and language are removed, and 

specificity is improved. The disadvantage is that because the tests may be performed even with more 

advanced stages of HE, without a behavioural context, the results may be difficult to interpret unless 

in skilled hands. Test delivery usually required highly trained technicians using specialised, expensive 

equipment. Guidelines suggest the most sensitive techniques, such as evoked potentials (EP) and 

quantitative EEG, are the best choices for detection of the mildest degrees of HE, but that they need 

to be used in conjunction with psychometry (Guerit et al., 2009). 

 Electroencephalogram (EEG) 

One of the earliest neurophysiological tests for HE was the EEG. It is a physiological measure of how 

many neurons are firing at the same time, but this is an oversimplification, given many variables such 

as level of wakefulness, arousal, the thickness of the skull, physical siting and proximity of the various 

electrodes. EEG abnormalities have been found on 8-40% of those without OHE and in 45-100% of 

those with OHE (Weissenborn et al., 1990) (Montagnese et al., 2004). It is interesting to note that 

interpretation of the spontaneous EEG does not correlate well with neuropsychometry. This is likely to 
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be for many reasons, such as the variable technique of acquisition, and the inability of EEG to assess 

cortical activity. Evoked Potentials (EP) (see below) are probably more sensitive in this context. 

The α or Berger rhythm is the most frequent bandwidth of brain wave in the healthy, resting brain 

(Anokhin and Vogel, 1996). The presence of other waveforms, namely β, θ, δ and γ wave-forms, have 

been described. Parsons-Smith described substitution of α rhythms for faster ones (Parsons-Smith et 

al., 1957). 

It has been described that the proportion of α activity may decrease with age (KÖPruner et al., 1984), 

with a compensatory increase in θ activity. However, this has also been attributed to a lower 

educational level (Harmony et al., 1990) and co-existent neuropathology (Torres et al., 1983). 

Other researchers also have identified the presence of more θ, δ activity in those with individuals with 

significant cognitive abnormalities, such as the dementia states. 

Spontaneous EEG studies of the brain in HE have identified a generalised slowing of the EEG. Typical 

changes include triphasic waveforms on EEG have been correlated with advanced HE (Van der Rijt et 

al., 1984), but they are not specific for this condition. Several studies have reported a generalised 

slowing of the EEG waveform, but this is also not unique and seen with sleep and drowsiness 

(Broughton and Hasan, 1995). 

 The Evoked Potential (EP) 

EP measures the time delay from the stimulus origin until the brain detects it as present. It is possible 

to detect visual (VEP), auditory (AEP) or somatosensory evoked potentials (SEP). 

In HE, VEPs can be flashes, patterns or motion-triggered. It is noteworthy that these tend to be useful only 

in earlier stages of HE, and tend not to change consistently with increasing degrees of HE. Earlier work 

suggested that reversal of flash patterns were more discriminatory than flash pattern VEPs in SHE, but 

neither was superior to NCTs (Burke et al., 1989). 

 Event-related potentials (ERPs) 

The brains electrical response to stimuli either presented visually or audiologically can also be 

measured; the target stimuli are usually hidden amongst other more frequent stimuli, and the subject 

is asked either to make a physical response to the target such as a “button press” or to keep a mental 

tally of its frequency. It can be a measure of attention and discriminatory ability. 
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Cognitive processes such as stimulus discrimination and evaluation can be correlated 

electrophysiologically with P300 potentials. P300 potentials are sensitive in reflecting subtle 

deterioration in mental processes. They have the advantage of remaining unaffected by intercurrent 

difficulties, such as hand tremor, which may distort psychometric evaluation. 

Auditory P300 can be measured when a subject is told to identify a rare tone frequency, compared to 

more common tones in the background, such as determining which sound is “odd man out”, usually 

by pressing a button to signal this. The normal brain usually makes a response 300 ms after the rarer 

tone, unless it takes longer, which indicates an abnormality. 

A study showed that auditory P300 potentials were markedly delayed in those with grade 1-2 HE, 

compared to both those with HE and healthy controls. This points towards a problem with stimulation 

evaluation ability when presented with an auditory signal (Davies et al., 1990). 

A study comparing healthy controls and psychometrically normal subjects, as well as those with HE, 

demonstrated that even in the 40% of those subjects who were psychometrically intact patients, an 

abnormally prolonged P300 was present, suggesting that psychometry alone is inadequate in 

identifying early disease (Hollerbach et al., 1997). 

Auditory P300 appear reliable in HE up to grade 2 given the subject has to attend to the noise and 

remember how frequently the tone of interest is supplied. In practice, beyond grade 2 HE, poor 

concentration and forgetfulness are likely to confound this task. 

Dr Saxena, and her colleagues in Newcastle-upon-Tyne, UK, demonstrated in a prospective study that 

an abnormal auditory P300 was a better predictor of the risk of OHE development, compared to EEG 

alone (Saxena et al., 2002). 

Visual P300 appears to have a less consistent relationship with HE than auditory event-related 

potentials (Montagnese et al., 2004). A study using two variations of pattern VEP (PVEP) using 

chequerboard projected on a TV screen with subjects recording how many instances of the rarer 

chequerboard occurred (Kugler et al., 1992). P300 delays were observed in every patient with a 

diagnosis of PSE Grade I and every non-cirrhotic patient in the control group had abnormal results. The 

diagnosis was superior to that achieved by both the combination of the NCT/line-drawing test 

(sensitivity, 80%; specificity, 91%) and the EEG PVEPs (sensitivity, 20%; specificity, 91%). In the cirrhosis 

patients without OHE, the PFP 300 showed subtle cognitive dysfunction in 78%, indicating some 

subclinical encephalopathy, but only half (41%) were detectable with the combination number-

connection, and line-drawing test results and only 14% of the PVEPs were abnormal. 
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Aberrations in visual P300 complex are not specific for HE and also occur in dementia-inducing 

conditions such as acquired immunodeficiency syndrome (AIDS) dementia, Alzheimer’s disease, 

Huntington’s disease, and Parkinson’s disease. 

 Critical Flicker Frequency (CFF) 

CFF is the specific thresh-hold frequency of a flashing light-bulb that the human eye detects as a 

flashing light rather than a continuum. It can vary with the use of psychotropic drugs and in diseases 

such as Alzheimer’s disease (Curran et al., 2004), multiple sclerosis and also MHE. The CFF test is a 

reflection of biological activity in retinal cells. These cells are specialised astrocytes, and so represent 

astrocyte function (Haussinger et al., 2002). 

A study (Kircheis et al., 2014) comparing the diagnostic utility of CFF of PHES and modified PHES (PHES 

minus serial dotting task) showed that CFF was able to discriminate as well as PHES between the states 

of “No HE” and OHE. Neither test was sensitive enough either alone or in combination to distinguish 

between “No HE” and MHE, although predictive value did improve slightly when combined. 

 Continuous Reaction Times (CRT) 

The CRT is a computerised test, where a button press response is required from the subject who has 

to pay attention for 10 minutes during which auditory stimuli through headphones are provided. It 

measures the variability of attention. 

This test assesses the motor response, power of attention and inhibitory control mechanisms. Elsass 

and her group from Denmark (Elsass et al., 1984) showed that CRT was able to discriminate correctly 

between those with HE and organic brain damage 85% of the time, while the NCT could not do so. Re-

test reliability at five days was greater with CRT response being stable when tested five days later with 

no practice effects. Subsequent work by the same group revealed that CRT variability was an 

important indicator of HE with a CRT index of 1.9 defining abnormal response12 (Elsass et al., 1985). 

A recent double-blind RCT (Lauridsen et al., 2017) was designed to assess whether the CRT could 

detect changes in the CRT index after anti-HE intervention in those without OHE. Patients were 

randomised to either lactulose/branched-chain amino acids/rifaximin in three blocks or to receive 

 
12  CRT outcome measures are correct and incorrect responses either early commission or late omission responses 

and response speed or latency. Application of normative data is not recommended however CRT index, where 
normal threshold >1.9, describes how consistent the participants alertness is during the test (Lauridsen et al 
2017)) 
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three courses of placebo. They also performed PSE testing. Both PSE test scores and CRT index 

improved significantly in the treated group. 

An earlier study compared the ability of CFF and CRT tests to detect MHE in 154 patients with cirrhosis 

(Lauridsen et al., 2011). The two tests were only able to agree 40% of the time on the diagnosis in this 

study from the University of Southern Denmark in Odense. Although the test measure different brain 

functions, this study emphasises the fluctuant and elusive nature of MHE. 

 Saccades 

Saccades are very stereotypical minute eye movements. The time taken to undertake a saccade is 

known as saccadic latency. The study of eye movements offers another under-utilised solution, which 

may be used for the objective assessment of HE; regardless of the severity of HE, using a bedside 

machine with minimal training for the operator. An initial study of 27 individuals with worsening HE 

were studied. After the TIPSS procedure, seven subjects were followed up. Baseline saccadic time was 

prolonged in those with cirrhosis, compared to healthy controls (303 vs 208 ms). In seven patients, 

they were able to measure saccadic latency before and after TIPSS. This study was able to demonstrate 

improved latencies in those who improved clinically following the TIPSS procedure and required fewer 

diuretics. The latency increased in those individuals who decompensated post-TIPSS procedure and 

went on to have shunt reduction or reversal (Roos et al., 2006). 

A follow-up study undertaken by the same group to assess how ocular saccadic latencies compared to 

pre-existing tests including CFF, PSE syndrome test, MELD and ammonia values demonstrated 

improved latencies in those undergoing liver transplantation when compared to their pre-transplant 

values. However, even post-transplant, the latencies were not as fast as age-matched healthy 

controls-the reciprocal of median saccadic latency correlated with PSE tests, MELD score and CFF. PSE 

test only correlated with urea and electrolytes (Schranz et al., 2010). 

1.13 Brain Structure 

HE is thought to cause neuro-inflammation and neuro-oedema. It is known that in cirrhosis and OHE 

brain water composition increases, but whether this truly translates in volume increase is confounded 

by the effects of alcohol (as a common aetiology of cirrhosis) on cortical atrophy. It is not known what 

the structural changes are that are associated with MHE if any. There may be focussed changes in the 

deep white matter/basal ganglia, given this is the region of greatest astrocyte degeneration in cirrhosis 

previously (Butterworth et al., 1987). Due to the short period of exposure to LOLA in this study, I expect 
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the degree of cortical thinning to remain static. This means any changes in volumetric parameters 

during the study period could reflect the result of LOLA on ammonia reduction. 

The relevant imaging studies elucidating the changes in brain volumes and brain white matter 

microstructure to show white matter tracts changes in HE are discussed below. The functional changes 

associated with HE that can be elucidated by imaging are also discussed in terms of brain blood flow 

(functional imaging) and neurochemistry (spectroscopy).  

1.14 Imaging insights into HE from MRI 

 Magnetic Resonance Imaging (MRI) 

MRI is a fertile field for the study of cortical function. Several MRI modalities exist. The simplest being 

T1-weighted structural MRI of the kind adopted in day-to-day clinical practice. Diffusion tensor 

imaging or DTI is another way of gaining specific information about white matter tract integrity, 

which relies upon the differential diffusion properties of water movement with white matter and 

grey matter and cerebrospinal fluid (CSF). In vivo proton or 1-hydrogen (1 H) magnetic resonance 

spectroscopy (MRS) is another non-invasive way to probe the chemical composition of brain 

osmolytes using a clinical whole-body MRI scanner. Functional MRI (fMRI) is a means of harnessing 

the BOLD signal, which exploits the paramagnetic properties of deoxy-haemoglobin compared to 

oxygenated haemoglobin. Calculating oxygen-utilisation of various parts the brain means specific 

areas of brain activation during performance of certain tasks is detectable inside the MRI scanner.  

1.15 Structural MRI 

HE appears to be both a cortical and subcortical process. Some data suggest larger brain size and 

cortical thickness correlate with intelligence (Schnack et al., 2014). Although this may be an 

oversimplification, the more cortex is available, the more processing ability there is (Geschwind and 

Rakic, 2013). 

Much evidence suggests that brain oedema due to astrocyte swelling occurs early in the disease 

process (Haussinger et al., 2000). 

 Brain Volumes 

It has become possible with higher resolution MRI scanning to detect small millimetre cubed changes 

in brain volume. An important study by Patel and colleagues (Patel et al., 2004) examined the effects 

of lactulose therapy on brain volume and cognitive function in three subjects with OHE and six with 
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MHE. 7/9 of these individuals were scanned before starting lactulose and six weeks later. Even a short 

course of laxatives was able to demonstrate a reduction in total brain volume/oedema on serial co-

registered MRI in those who improved cognitively and an increase in brain volume in the 2/9 that 

deteriorate and required TIPPS procedures (who had additional scans pre- and 24 hours post-TIPPS).  

 Brain Water 

Magnetisation Transfer Ratios are an indirect way of estimated water content. This is achieved by 

comparing protons in bound and free pools. The conventional water signal comes excitation of 

protons within the free pools. Bound protons are MR invisible or not typically excitable. This property 

was first described by Wolff and Balaban (Wolff and Balaban, 1989) as a method of manipulating tissue 

contrast. 

Iwasa and colleagues (Iwasa et al., 1999) in a study of 34 individual with cirrhosis and 34 volunteers 

demonstrated that abnormal MTRs can exist in normal-appearing areas of the brain in those with 

cirrhosis.  

Rovira (Rovira et al., 2001) studied 24 subjects with cirrhosis, 16 of which had MHE on cognitive testing 

and 10 controls. The study compared the amount of free water and whether this correlated with the 

patients’ cognitive status. A decreased MTR was seen in those with cirrhosis compared to normal 

controls. This study did not show decreased MTR in subjects with MHE compared to those with 

cirrhosis. 

A further study by the same group (Rovira et al., 2002) examined the effects of liver transplantation 

on the MTR ratio. Twenty-four subjects pre-transplant and 11 subjects post-transplant were followed 

serially. Over time normalisation of MTR ratios was seen, demonstrating the reversibility of the 

process. 

 Brain Microstructure and Principles of Diffusion-Weighted imaging 

Diffusion Tensor Imaging (DTI) sequence is often used to examine neurovascular integrity. It measures 

the change in the movement of the water molecule by measuring the interaction between water and 

its cellular barriers (Grover et al., 2006b). The ability of the water molecules to diffuse can be 

calculated by the apparent diffusion coefficient (ADC) and may be used to differentiate between 

vasogenic and cytotoxic oedema (Schaefer et al., 2000). 

Diffusion-weighted imaging or DWI is an MR modality that relies on the principles of Brownian motion. 

The properties of MR were first discovered by Bloch (Bloch et al., 1946a) and Purcell (Purcell et al., 
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1946). The ability to measure diffusion in the spin-echo was first described by Hahn (Hahn, 1950) and 

Carr and Purcell (Carr and Purcell, 1954). 

It is a sensitive method of measuring water diffusion in any tissue suitable for MR imaging in general, 

without the need for any invasive steps, intravenous contrast or any other equipment. Tissue water 

diffusion rate determines the image. Water molecules diffusion obeys Brownian motion. If any 

structure does not constrain the water molecules, they diffuse or move equally randomly in all 

directions otherwise known as “isotropic” diffusion. In the brain which is composed of grey and white 

matter, there are obstacles to free water diffusion or movement, the resulting water movement in 

unequal in all directions or “anisotropic”. Water molecules tend to move parallel to white matter 

tracts. Molecular movement in x y and z directions is described by the diffusion tensor (Basser et al., 

1994) (Basser and Jones, 2002). A tensor can be used to describe the relationship between two 

vectors. A tensor defines properties of a three dimensional (3D) ellipsoid. It is composed of three 

vectors. The first vector is the longest and is along the principal axis. The second and third vectors are 

orthogonal to the first. Eigenvalues 1 , 2, 3 describe the magnitude and Eigenvectors ε1 ε2 ε3 the 

orientation of the diffusion ellipsoid.  

 

Figure 1.3. Isotropic or unconstrained water movement, for example in CSF, where movement is equal in 

all directions. 

In perfect isotropic diffusion, the diffusion ellipsoid is a diffusion sphere (see Figure1.3.).  

 
1 = 2 = 3 

  
  3 

1 

2 

Unconstrained 
environment 
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Where 1 = 2 = 3, diffusion within a highly structured or constrained environment follows a three-

dimensional ellipsoid pattern with ε1 along the x-axis, ε2 along the y-axis and ε3 at right angles to ε3    ( 

see Figure 1.4). 

Where  

1 > 2 > 3 

 

Figure 1.4. Distortion of diffusion sphere within a highly constrained environment. Within the brain, 

water may move freely along an axon, but it may not leave the axon or cross through it due 

to constraints of myelin sheaths, in this situation  has the largest value, followed by  

followed . 

The three lambda values can be used to provide various diffusion measures of interest. 

1. Fractional Anisotropy or FA is a measure of “orientatedness”, or a way to measure how much 

anisotropy exists in a given voxel 

2. Radial Diffusivity or RA is equal to  

3. Axial Diffusivity AD refers to 1 

4. The apparent diffusion capacity (ADC) or Mean diffusivity (MD) is equal to  

    

  
1 > 2 > 3 
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1.15.3.1 Technical considerations in DTI data acquisition 

1. Number of diffusion directions, the more directions, the more accurate the diffusion map 

2. The more different directions of diffusion are measured the greater the problem 

3. Field strength: as field strength increases, the signal-to-noise ratio improves  

4. Ways of analysing the data 

1.15.3.2 Diffusion-weighted studies in HE 

A study by Lodi (Lodi et al., 2004) and her colleagues from Rome, Italy, examined the measure of ADC 

in 14 patients with cirrhosis, where six subjects had grade 1 HE, the seventh had Grade 2, and seven 

subjects had no HE. These subjects were compared to 12 healthy volunteers. The MR scans were 

performed employing a 1.5T magnet system. Those with cirrhosis had significantly increased mean 

ADC values in caudate, putamen, and pallidal nuclei, occipital, parietal, and frontal lobe white matter), 

but not in the thalamus. ADC values in deep grey and white matter regions of interest correlated 

directly with venous ammonia. The highest value of ADC was obtained for the individual with the most 

severe HE, grade 2. 

In another case series of individuals with biopsy-proven cirrhosis from London, six of 11 subjects with 

evidence of MHE on psychometry were compared to 11 healthy controls. In this study, no volunteer 

had OHE and scans were performed at 3T. ADC values were increased in specific regional white matter 

tracts of patients who had HE in this cohort. However, the FA was only reduced in one region of the 

corpus callosum (Grover et al., 2006a). 

1.15.3.3 Does the severity of HE grade affect measures of diffusion? 

Kale and colleagues (Kale et al., 2006) recruited 39 subjects with cirrhosis, and either OHE, MHE or no 

HE were compared to 18 healthy volunteers. FA and MD values were obtained on a 1.5T scanner. 

Significantly increased MD values from the corpus callosum, internal capsule, deep grey matter nuclei, 

periventricular frontal, and occipital white matter regions in both cerebral hemispheres were obtained 

when healthy controls were compared to those with cirrhotic liver disease. MD values from corpus 

callosum and internal capsule showed significant correlations with cognitive test scores. 

To determine whether lactulose treatment13 and resulting clinical improvement could lead to a 

reversal of MD values; a sub-study of 10 subjects with MHE both before and after a three-week course 

of lactulose was performed (Kale et al., 2006). There was no subsequent follow up. Those who 

 
13  Lactulose used as a laxative to rid the gut of nitrogenous bacteria is one of the earliest and simplest methods 

of treating HE by reducing ammonia producing bacteria. Please refer to Section 1.19.1 for further details. 
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underwent treatment for MHE also demonstrated a significant decrease in MD, which correlated with 

improvements in psychometry. Sub-analysis demonstrated an effect of the magnitude of HE on the 

MD values obtained; with MD increasing from no HE to MHE to OHE. The authors of this study 

concluded that these findings supported the reversible nature of early HE as demonstrated by the 

increase in MD with no simultaneous changes in FA in cirrhosis indicates the presence of reversible 

interstitial brain oedema. 

Sugimoto and his colleagues (Sugimoto et al., 2008) from Morioka in Japan were successful in using 

ADC values to predict the development of OHE in those individuals with cirrhosis. Sixty-Four subjects, 

40 with cirrhosis, the remainder controls, underwent sequential diffusion-weighted imaging. Patients 

were followed up monthly until they either received a liver transplant, died or developed OHE. 

Patients with MHE had higher mean ADC values; compared to those with cirrhosis but without HE or 

healthy controls. ADC values correlated with neuropsychological function, and could also be used to 

separate cases of MHE from no HE with a sensitivity of 70∼90% and a specificity of 85∼90%. 

To elucidate the impact of cerebral oedema measured by MD, on the connectivity of the default mode 

network, Lin and colleagues (Lin et al., 2012) studied 41 cirrhosis patients (including 16 without HE, 14 

MHE, 11 OHE) and 32 healthy controls. They combined their DTI imaging with an fMRI component 

looking at the default mode network (DMN). Significant differences in DMN were found in MD values 

from regions with anterior-posterior functional connectivity correlation coefficient differences 

between the OHE group and other groups. Increased MD within the DMN was inversely associated 

with decreased functional connectivity correlation coefficient in DMN and correlated directly with 

impaired cognitive performance. 

In a similar study (Qi et al., 2012), twenty MHE patients and 20 healthy controls were assessed. 

Changes in both structural and functional connectivity were measured. DTI tractography provided 

data about the length of the path, number of tracts, fractional anisotropy and mean diffusivity. 

Functional connectivity of the DMN in MHE patients was measured by fMRI. MHE patients showed 

both decreased FA and increased MD in the tract connecting the posterior cingulate cortex/precuneus 

(PCC/PCUN) to left parahippocampal gyrus (PHG) and reduced functional connectivity between the 

PCC/PCUN and left PHG, and medial prefrontal cortex (MPFC) when compared to healthy volunteers. 

Ammonia levels correlated well with MD values of tract connecting PCC/PCUN and the temporal 

correlation coefficients. 

Of note is a prospective study (Razek et al., 2014) conducted on 30 children (aged 6–16 years) with 

chronic liver disease and 15 matched controls. Seventeen patients with MHE and thirteen with 
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cirrhosis but no MHE (n=13) groups and control groups all underwent DWI and neuropsychological 

testing. There were elevated ADC values in children with MHE compared to no MHE and control 

groups. Significant differences between all groups MHE, no MHE, and control groups were also found. 

Neuropsychological test performance of those with MHE correlated negatively with ADC value. 

1.15.3.4 What happens to DTI metric post-transplantation of the liver? 

Twenty-eight patients and 30 healthy volunteers were followed prospectively (Lin et al., 2014). Mean 

diffusivity, fractional anisotropy, axial diffusivity and radial diffusivity were measured before 

transplantation and repeated 6–12 month after transplantation. 

Tract-based spatial statistical analysis was used to identify differences in white matter integrity 

between groups. Correlation analyses measured longitudinal changes. 

Post-transplantation decreased water diffusivity without fractional anisotropy change indicative of 

reversible cerebral oedema were found in the left anterior cingulate, claustrum, postcentral gyrus, 

and right corpus callosum. However, change consistent with demyelination decrease in fractional 

anisotropy, and an increase in radial diffusivity was noted in the temporal lobe. As albumin levels 

corrected post-transplant, they were associated with recovery of diffusion tensor imaging indices. 

Improvements in diffusion tensor imaging indices in the right postcentral gyrus were correlated with 

visuospatial function score correction. 

This study concluded that on voxel-wise analysis of the white matter, longitudinal changes occur in 

MHE patients. Extracellular cerebral oedema and cognitive function appeared to improve post-

transplant. However, white matter demyelination may continue to progress in temporal lobe post-

transplantation. 

Various studies demonstrate a link between increasing ADC, which implies interstitial oedema and 

patients with MHE or OHE (Kale et al., 2006) (Sugimoto et al., 2008). Advances in the ability to measure 

ADC with improved accuracy has led to diffusion-tensor MRI (DTI). DTI can provide detailed imaging 

on brain tissue structure. It utilises the water property of Brownian motion, with different degrees of 

motion in different planes in response to impedance by structures of varying density. White matter 

tracts are denser than grey matter, and DTI allows the tracts to be delineated. See Figure 1.5 

delineating white matter tracts within the healthy brain. 
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Figure 1.5. White matter tracts within the normal brain on DTI 

1.16 Functional MRI 

fMRI (fMRI) is used to produce blood-oxygen dependent contrast and highlight regions of increased 

activity within the brain. It exploits the paramagnetic properties of deoxy-haemoglobin relative to 

brain tissue and measures changes in this concentration in response to increased blood oxygen 

demands during neuronal activity (Howseman and Bowtell, 1999). fMRI is a non-invasive and safe 

modality to study MHE, particularly for longitudinal studies, such as the one proposed, since no 

radioactive injections are necessary, unlike positron emission tomography (PET). 

 Task Selection for fMRI 

The observation that certain parts of the brain become paradoxically more active when the awake 

brain is resting and not directly involved in task-directed activity, first described by Raichle and 

colleagues (Raichle et al., 2001). Below (Figure 1.6) is a representation of the Default Mode Network 

(DMN) 
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Figure 1.6. Anatomy of default mode network 

DMN is of vital importance to be studied in subjects with HE (Chen et al., 2012) (Qi et al., 2012) (Zhang 

et al., 2012). 

Resting-state fMRI is incorporated into any fMRI study by instructing subjects “to lie still with eyes 

closed and stay awake”. 

In terms of in-scanner task selection; appropriate tasks need to be selected: a Choice Reaction Time 

(CRT) task involving arrows on a screen and an ‘n back’ working memory paradigm is a popular choice. 

Tasks chosen in studies are not too easy as to be non-discriminatory and not so difficult as to lead to 

frustration and failure to cooperate. A practical choice also had to be made so as not to exhaust the 

subject. 

“CRT is used to measure sustained attention” (Bonnelle et al., 2011). The task itself is not too 

demanding and so suitable for all subjects but is sufficiently discriminatory that subjects do show 

performance decrement as the task progresses. An initial fixation cross is presented for 350 ms. A 

response cue arrow lasting 1400 ms follow the cross. Volunteers are asked to respond as quickly and 

as accurately as possible with a right or left index finger button presses. 
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For reasons of signal averaging, 144 trials are presented with an inter-stimulus interval of 1.75 

seconds. “Go” trials are randomly interleaved with “Rest” trials, during which the fixation cross 

remains on the screen (ratio of 5/5/4, right/left/rest) (Bonnelle et al., 2011). 

 Working Memory 

The study methodology applied in fMRI studies can be studied in more detail in the following papers, 

whose methods I have replicated later in this thesis (Bonnelle et al., 2011), (Leech et al., 2011) (Sharp 

et al., 2011). 

 Approaches to data analysis tasks 

1.16.3.1 Approaches to data analysis: Resting-state 

There are a few different ways to analyse task-negative of resting-state data. One of the simplest 

methods of investigating this is to generate a functional connectivity map, by studying a brain region 

of interest or seed region and examine what other areas are temporally related to the first region, 

which requires modelling. 

Non-modelling methods study general patterns of neuronal connectivity across different brain 

regions. Such methods include principal component analysis (PCA) and independent component 

analysis (ICA). 

An excellent review paper by Heuval and colleagues from the Netherlands (van den Heuvel and Pol, 

2010) summarises the consensus regarding, i.e. networks identified by several different studies using 

different scan protocols different methods of analysis (Figure 1.7)). 
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Figure 1.7. Established Resting-State Networks 

The figure is taken from (van den Heuvel and Pol, 2010) with permission and identifies known resting 

networks, through pooling together of many fMRI studies and provides a reference with which resting-

state data may be compared.  

This figure illustrates resting-state networks reported by the following studies: (a) (Biswal et al., 1995) 

, (b) (Beckmann et al., 2005), (c) (De Luca et al., 2006), (d) (Damoiseaux et al., 2006), (e)(Salvador et 

al., 2005), and (f) (van den Heuvel et al., 2008). 

A Chinese fMRI study used a ‘Stroop task’ to measure interference and power of attention in a 28 

subject study of patients with cirrhosis and healthy controls. Parietal and prefrontal regions in patients 

with cirrhosis had significantly higher activity when performing the incongruous words and colours 

(Stroop) tasks (Zhang et al., 2007). A later study by the same group identified reduced functional 

connectivity in the right middle frontal cortex gyrus and left posterior cingulate cortex, which forms 

part of the default mode network (DMN), which is a very active and interconnected area of the brain 

vital in marshalling attention (Zhang et al., 2012). 

The anatomy of the DMN, a major attentional network that is central in HE, was first identified 

positively on MRI. 
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1.17 Magnetic Resonance Spectroscopy (MRS) 

MRS relies on the properties of magnetic resonance, first discovered independently by Bloch (Bloch 

et al., 1946a) (Bloch et al., 1946b) and Purcell (Purcell et al., 1946) at Stanford and Harvard universities 

in the USA, respectively. 

MR sensitive nuclei are specific atomic nuclei, which possess the property of “spin”. To have “spin” or 

a “magnetic moment,” the nucleus of the atom must possess unequal numbers of protons and 

neutrons. Commonly used nuclei for MR spectroscopic experiments include 1Hydrogen (one proton 

only) and 31Phosphorus (15 protons and 16 neutrons). 

Nuclei with such a magnetic moment can absorb energy at a specific radiofrequency when a strong 

magnetic field has been applied. When this absorbed energy is released during relaxation after the 

termination of that magnetic field, the MR apparatus can detect it. It is this ability to interact with the 

applied magnetic field B0 that is measured in MRS. The frequency of resonance of a determined 

nucleus, in the case of 1H, a proton, in different environments, e.g., water or fat, experience differing 

degrees of shielding of the magnetic field by electron clouds belonging to neighbouring atoms (Proctor 

and Yu, 1950). This nuclear behaviour is known as “chemical shift”, and it means that the same nucleus 

in different molecules will have different frequencies of resonance. The spectra are the representation 

of the radiation energy absorbed by a sample plotted against the frequency of chemical shift in parts 

per million of the various metabolites in the sample. 

The MR spectra are displayed graphically. The frequency of chemical shift in parts per million of the 

various metabolites in the sample is plotted along the horizontal axis. The relative signal amplitude or 

concentrations for the various metabolites, i.e. the height of the peak, reflects the amount of the 

metabolite. MR spectra are read from right to left, the numbers (ppm) on the x-axis increasing in the 

same direction (i.e., right to the left) (Abdelaziz et al., 2016). 

A spectrum will contain many different peaks or resonances by definition, depending on the chemical 

nature of the sample. If the frequencies of these peaks or resonances are analysed, then the identity 

of the molecule generating the signal can be determined. In addition to determining whether specific 

metabolites are present or absent in the sample, the area under the peak or ‘area of resonance’ allows 

the concentration of the metabolite to be measured. The area is proportional to the number of 

protons at that specific location that are generating the signal. 
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While some resonances only correspond to a particular metabolite, others are metabolites, which may 

be split into two, three or more, linked but smaller peaks or resonances. The splitting provides 

information about the hydrogens attached to the carbon atom(s) neighbouring the one of interest. 

Quantification can either be absolute or, as is more common, relative to the ratio of another 

resonance. A resonance that is expected to remain unchanged in the brain, such as creatine has been 

utilised to provide a ratio of the metabolites of interest in many studies. With the advent of newer 

software, including LC Model, it has become easier to obtain absolute quantification. 

Water and fat contain many thousands more protons than other tissues. In-vivo spectroscopy allows 

a small volume of tissue to be selected, a voxel, and excited so that the free induction decay (FID) from 

that particular region can be recorded. This results in a spectrum from that voxel, rather than an MR 

image of it. 

 Technical considerations in MR Spectral acquisition 

Hydrogen is present in many brain metabolites, but in fact, not many brain metabolites are usually 

picked up because: 

1. MRS is not sensitive for the detection of molecules in the millimolar range. 

2. It cannot detect molecules present at low concentration. 

3. It can only detect “free” or unbound protons, so chemical present in proteins and membranes 

will not be detectable even if present in high concentrations. 

4. The number of metabolites detected depends on echo time or TE. If a long TE is used, >135 ms, 

then only a few resonances are detected which are easier to analyse. Shorter TEs allow 

detection of many metabolites but at the cost of more complicated analysis, as many of the 

peaks overlap. For the maximum possible ratio of signal to noise (SNR) a long repetition time, 

TR, and a short TE should be selected. 

5. To optimise SNR, the highest field strength is preferable for MR spectroscopic experiments, 

since energy emitted from a resonating nucleus is linearly proportional to the magnetic field 

strength as is shown by the Larmor equation 
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= 0 or =  

where: 

=  Larmor frequency of a nucleus in radians per second 

= Larmor frequency of a nucleus in Hertz 

γ =  nuclear magnetogyric ratio 

B0 = magnetic field strength 

6. The high concentration of water in a biological systems makes it easy to create an image, but it 

impedes the acquisition of proton spectroscopic data. The abundant water resonance must be 

suppressed to detect millimolar concentrations of other molecules. 

7. To detect neurotransmitters such as GABA, a specific MRS sequence needs to be employed at 

the time of scan acquisition. 

 Sequences 

In addition to the above considerations, the spectroscopy sequence selected has implications for the 

nature of the metabolites identified. One of the earliest sequences was STimulated Echo Acquisition 

Mode (STEAM), followed by Point Resolved Spectroscopy (PRESS). 

STEAM was invented by a German group (Matthaei et al., 1986) and uses three pulses, each at 90° 

with gradients on the three principal axes. Four or five pulses result depending on how close together 

the first two radiofrequency (RF) pulses are. One of these resulting pulses is the stimulated echo and 

the acquired signal for the examination. STEAM was popular as it was initially the only sequence that 

was possible using short echo times of 30 ms> which allows glutamine/glutamate (Glx) and 

myoinositol (mI) to be visualised. The advantages of this older sequence include the fact that much 

cumulative experience has been gained with this technique, and extensive libraries of normal and 

abnormal reference spectra have been collected. 

Point Resolved Spectroscopy or PRESS (Bottomley, 1987) is a spin-echo sequence invented by the 

Australian MR physicist Peter Bottomley, where a 90° is followed by two 180° pulses; this has the 

result that the primary spin echo is refocused by the third pulse. Since each pulse has a slice selective 

gradient14, it means that only the protons in the region of interest experience all three pulses. Since 

 
14  Gradients are either loops of wire or a thin metal sheet wrapped around a cylindrical shell located just 

inside the bore of the scanner. Current passing through the gradient generates a secondary magnetic field.  
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the advent of short echo time PRESS, the modified sequence can collect twice as large SNR as the 

original STEAM sequence, which makes it an investigative tool of choice in newer studies including the 

studies elaborated in my thesis. 

Commonly occurring brain metabolites seen in MRS of healthy brains 
In the healthy brain, a typical proton MR spectrum includes resonances of N-acetyl aspartate, creatine 

and choline. Water suppression is useful in 1H MR spectroscopy and can be applied to allow lower 

concentration metabolites to be seen, which can only be distinguished once the larger, more 

dominant water resonance has been removed from the spectrum. 

Soares and colleagues helpfully published a review identifying all the main neural metabolites 

detectable within the human brain when 1H MR spectroscopy is performed at 1.5 Tesla are 

summarised in Table 1.11 (Soares and Law, 2009). 

Table 1.11. Metabolites found in 1H MR Spectroscopy of Healthy Human Brain 

metabolite Where produced Where found function ppm 

N-Acetyl 
Aspartate 

Brain 
mitochondria 

Brain 
parenchyma 
also axons 

?Axonal marker 2.02 
further peaks 2.6 &2.5 

Creatine This is not 
produced within 
the brain but in 
Liver, kidney, 
pancreas 

everywhere Marker of energy 
metabolism 
Stable in health but 
reduced in tumours 

3.02 =sum of creatine + 
phosphocreatine. 

Choline Different 
quantities in GM 
and WM 

Only unbound 
phospholipid 
detectable 

Marker of membrane 
density and integrity 

3.22 

Unresolved 
Glu-Gln 
complex 

  Neurotransmitter 
regulation and 
ammonia detoxification 

Glu, Glutamine and GABA are 
unresolvable at 1.5T and 
creates a complex of peaks 
unresolved Glu-Gln complex 
2.05-2.5 ppm. 

Myo-
Inositol 

Primarily in glial 
cells and cannot 
cross the blood-
brain barrier 

Astrocytes only 
Absent from 
neurones 

Glial, osmolyte and 
astrocyte marker also 
released in myelinolysis 

3.56 
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 N-Acetyl Aspartate (NAA) 

The NAA peak is the largest peak seen on a water-suppressed brain MR spectrum, being found in the 

brain parenchyma and also axons. It has been suggested to be a marker of neuronal dysfunction and 

loss (Vion-Dury et al., 1994). 

 Creatine 

The Creatine peak is the sum of creatine and phosphocreatine peaks, and it has frequently been used 

as an internal reference standard for semi-quantitative purposes, as levels are consistent in health and 

disease 

 Choline (Cho) 

Cho is considered to be a marker of membrane integrity, and density, as phosphocholines are released 

during membrane lysis. 

 Myo-Inositol (mI) 

mI is a six-carbon sugar alcohol. Inositol diphosphate and diacylglycerol are both released from 

phosphatidylinositol by the enzyme, phospholipase, and are involved in calcium ion release from 

endoplasmic reticulum and mitochondria. They consequently act as second or third messengers for 

hormones, such as vasopressin and thyrotropin. Many enzymes are also dependent on inositol-

induced Ca2+ release including specific protein kinases, phosphorylase kinase, pyruvate carboxylase, 

pyruvate dehydrogenase, pyruvate kinase and others. Notwithstanding, inositol diphosphate and 

triphosphate are intracellular messengers, present in minimal concentrations and so are not 

responsible for the peaks seen in MRS, which come from either mI, mI monophosphate or the amino 

acid, glycine. 

The exact role of mI is unclear, but inositol is known to be required for mammalian cell growth and as 

an osmoregulator. mI is usually broken down into glucuronate. Inositol may perform detoxification 

functions in the brain, similar to its action in the liver. mI reduction in HE may explain why the HE brain 

is very susceptible to new insults (Ross, 1991). 

 The unresolved Glutamine (Gln)-Glutamate (Glu) complex (Glx) 

Glx refers to this unresolved complex seen at 1.5T. This conglomeration occurs because at low field 

strengths, e.g., 1.5T, the peaks of Gln and Glu and GABA cannot be separated, as they resonate in the 

same region of the spectrum. In Table 1.12, most of the studies measure the change in the 
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be returned to neurones, where it is converted back to Glu (pathway 4). De novo formation of 

intermediates of the TCA cycle, pathways 5 and 6 also occur in the brain and are used to replace five-

carbon units (Cooper and Jeitner, 2016). Refer to Figure 1.10 below for the location of each step within 

the Glutamine cycle. 

 

Figure 1.10. The cerebral Gln cycle 

Several studies have shown a reduction in ml and Cho resonances with an increase in Glx (Kreis et al., 

1991) (Laubenberger et al., 1997) (Haseler et al., 1998). 

In chronic liver disease, astrocytes extrude mI and Cho outside the cell membrane, resulting in 

interstitial brain oedema (Scott et al., 2013). 

In HE, there is a reduction in Glu, the major excitatory neurotransmitter (Butterworth et al., 1987). 

Gln, an amino acid formed by amidation of Glu, plays a vital role in ammonia detoxification in the 

brain, but maybe neurotoxic (Butterworth et al., 1987). Cerebral Gln levels are considerably elevated 

in hyperammonaemic states. 

As MR technology has improved with higher resolution scanning and scan techniques, there has been 

a move towards using this largely research modality to try and diagnose the subtler aspects of the 

spectrum, i.e. MHE. Hassan and his Moroccan colleagues from Rabat (Hassan et al., 2014) have shown 

that 1H MRS can demonstrate MHE-associated typical neurochemical changes described earlier 

before neuropsychological changes become detectable. So, it is not unreasonable to deduce that 1H 

MRS may be considered as a potential tool for the objective diagnosis of MHE. 

Glutamate
(astrocytes)

Glutamine
(astrocytes)

Glutamine
(neurones)

Glutamate
(neurones)
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 Commonly occurring metabolites detected using 1H MRS studies in HE 

Several 1H MRS studies examining both white and grey matter voxels in HE have been performed to 

date, ranging from individuals with cirrhosis and no MHE, MHE, to OHE (see Table 1.12). 

Table 1.12. Summary findings of observational 1H MRS experiments in HE. Research papers pertaining to 

this summary table not referenced elsewhere in this chapter include (Rovira et al., 2001), 

(Tarasów et al., 2003), (Binesh et al., 2005), (Singhal et al., 2010), (Sarma et al., 2011) and 

(Hassan et al., 2014). 

 

The motif of neuro-spectral abnormalities with a decrease in Cho/Cr and mI/Cr and rise Glx/Cr with 

an unchanged NAA/Cr has been reported by several researchers (Geissler et al., 1997) (Kreis et al., 

1992) (Laubenberger et al., 1997) (Lee et al., 1999) in those with liver cirrhosis. 

n=healthy Cirrhosis
Study controls  HE grade N voxel Chol/Cr mIns/Cr Glx/Cr voxel Chol/CrmIns/CrGlx/Cr
Kreiss et al 1992 15 No HE 15  _

OHE 11   

Ross et al 1994 12 No MHE 3  _
MHE+GradeI 14   

HEGradeIII-IV 2   

Geissler et al 1997 36 No MHE 16   occipital  

MHE 21 

OHE 14  

Laubenberger et al 1997 20 No MHE 24  bi-occipital
MHE 4  

OHE 11    

Lee et al 1999 20 No HE 52 Parietal  Basal Ganglia 
OHE 48     

Cordoba et al 2001 10 no MHE 7    _
MHE 17   

Rovira et al 2001 8 No MHE 8 Parietal    _
MHE 16   

Tarasow et al 2003 20 No HE 20 Parietal  Basal Ganglia  

HE GradeI-II 14   

Binesh et al 2005 21 MHE 18 ACC    _
Poveda et al 2010 9 No HE 9 Parietal   _

OHE 24 

Singal et al  2010 30 MHE 33 RFrontalLobe    L occipital   

Sarma et al 2010 18 MHE 14 Frontal W/G  

18 MHE 16 Front+occip par
Mcphail et al 2013 21 MHE 22 _ Basal Ganglia
Hassan et al 2014 10 No HE 19  

MHE 16    Basal Ganglia   

Kooka et al 2016 No MHE 14 Occ GM &WM   

MHE 7
Oletzer et al 2016 16 MHE+Grade1 30 central occ 

 sig lower than control
 sig lower than no MHE
 sig higher than control
 sig higher than no MHE
 Gln

White matter Voxel Grey matter voxel
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In those with HE, the most robust findings are increasing Glx/Cr with increasing grade of HE. Even in 

those with cirrhosis and without OHE, correlations with neuropsychological performance have been 

found (Cordoba et al., 2001). 

The reduced mI/Cr and Cho/Cr seen in subjects with cirrhosis in the absence of HE are also seen in 

those with HE, but not as consistently as the elevation in the Glx complex resonance. 

The magnitude of the Gln tends to increase with the magnitude of HE while mI shows a trend for a 

decrease with advancing HE seen in Table 1.12.  

 MR spectral changes in response to treatment of HE 

1.17.10.1 Pharmacological intervention 

A prospective study (Poveda et al., 2010) of 24 subjects with OHE and nine subjects with cirrhosis and 

no HE looked at the effects of oral lactulose therapy in all cases and of lactulose enemas in a further 

four individuals. Five days after clinical resolution of HE, there were no changes in brain Glx/Cr which 

suggest that low-grade brain oedema does not resolve as quickly as clinical improvements take place, 

even in the case of OHE. 

An earlier Indian study demonstrated in a double-blind placebo-controlled trial (Sharma et al., 2009) 

that withdrawal of lactulose precipitates HE recurrence. A further lactulose withdrawal MRS study 

with a more extended follow-up period of 30 days (Bajaj et al., 2012) was performed which included 

seven men who had experienced a recent episode of HE on lactulose therapy. In this study, HE 

recurred in three men 32±6 days post-withdrawal on psychometric testing and these changes 

correlated with MRS, which showed increased Glx and decreased mI in those where HE recurred 

compared to baseline. 

Hasler and colleagues (Haseler et al., 1998), interested in whether the pharmacological response to 

lactulose or other therapies could be measured using serial MRS were able to demonstrate significant 

improvements in MRS profiles of 23 subjects with grade 1-3 HE when compared psychometrically and 

spectroscopically before and after lactulose initiation to 10 healthy volunteers. mI/Cr, (Cho +mI)/Glx, 

and Cho/Cr ratios increased with lactulose treatment by 29%, 37%, and 7%, while decreases in the 

ratio of Glx/Cr and HE grade of 15% and 42%, respectively were also seen in response to lactulose. 

Another case series of 22 patients with previous MHE (McPhail et al., 2013) who were treated with 4 

weeks of LOLA therapy with all subjects undergoing 1H MRS at 0 and 4 weeks in a 3T scanner, also 
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failed to show any difference between the MR spectra pre-treatment and post-treatment, but there 

was much milder HE from the outset, in this case, so less contrast might be expected. 

1.17.10.2 Transjugular Intrahepatic Porto-systemic stent shunt (TIPSS) studies 

This shunting procedure is well-established for mechanically reducing the portal pressure in those with 

cirrhotic liver disease who are suffering the complications of elevated portal pressures, such as 

recurrent variceal bleeding and intractable ascites. Accumulation of ascitic fluid is also known to 

precipitate encephalopathy in 30-40% of those individuals. This ascites build-up occurs because it 

allows increased amounts of unfiltered blood to reach the brain because it works by bypassing the 

portosystemic circuit. 

MRS examination of six patients from Japan (Hamuro et al., 2000), who underwent TIPSS for treatment 

of portal hypertension, was performed with contemporary psychometry by number connection 

testing both one week before and one week after TIPSS. Half the individuals showed OHE one to five 

weeks after TIPSS. A higher ratio of Glu and Glx/mI was present in the OHE group compared to those 

in the non-OHE group. 

1.17.10.3 Liver Transplant studies 

Liver transplant studies provide a unique window into cerebral MR spectroscopic changes occurring 

before and after treating HE. Some studies (Thomas et al., 1998), (Naegele et al., 2000) (Cordoba et 

al., 2001) have demonstrated complete reversal of the MR spectral abnormalities associated with HE 

after liver transplantation. 

Thomas and colleagues (Thomas et al., 1998) performed baseline MR spectroscopy of 17 patients with 

sub-clinical or Grade 1 HE and showed metabolic alterations compared to 13 healthy subjects. The 

presence of HE was determined by bedside examination, including orientatedness, as well as evidence 

of cognitive impairment or signs such as asterixis. Nine of 17 were transplanted. Repeat MRS was 

recorded at 30-60 days post-transplantation. mI:Cr and Cho:Cr ratios were significantly decreased in 

patients pre-liver transplantation compared to healthy control subjects. Baseline neuropsychological 

tests confirmed impaired frontal and motor functions. Post-transplantation MR spectroscopy showed 

changes in metabolic levels opposite to the pre-transplantation status. However, the metabolite ratio 

mI:Cr did not change significantly, but Cho:Cr increased beyond the levels of healthy control subjects. 

ml may be a slowly changing parameter and may reflect the degree of encephalopathy. Glx differences 

could not be determined due to metabolite overlap that occurs at the 1.5-T field strength. 
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Twenty-two patients on a waiting list for liver transplantation and 17 healthy control subjects were 

examined with 1H MR spectroscopy in a Swiss study (Naegele et al., 2000). Eight patients underwent 

MRS examinations before liver transplantation and at 3–4-weeks, 12–28-weeks, and 10–12-months 

follow-up after surgery. Before liver transplantation, typical 1H MR spectroscopic changes of 

decreased mI/Cr and Cho/Cr ratios and increased Glx/Cr ratios were found in 21 of 22 patients 

recruited. At seven months post-liver transplantation, the mI/Cr and Glx/Cr ratios normalised all eight 

patients, without residual signs of subclinical or OHE. Re-normalization of HE-specific brain metabolite 

changes was detected after liver transplantation on 1H MR spectroscopy. The neuropsychological 

signs of subclinical or OHE mirrored the changes seen on 1H MR Spectroscopy. 

In this study, patients were classified as merely having either HE or subclinical HE, or as having no 

evidence of HE or subclinical HE. They were tested with NCT, and if experienced symptoms 

consciousness, personality changes, intellectual deterioration, or asterixis, or had a prolonged NCT 

score, they were considered to have MHE/HE. 

Another 24 subjects awaiting liver transplantation were followed by Juan Córdoba and his colleagues 

(Cordoba et al., 2001) with 11/24 were also studied post-transplantation. This Spanish study focused 

on the resolution of MHE and MR spectroscopic abnormalities in minimal, rather than OHE. MHE was 

arbitrarily defined as two or more neuropsychological tests. They used a variety of tests to measure 

MHE including Stroop test, the Trail Making test (part A), Digit Symbols, the Grooved Pegboard Test, 

Auditory Verbal Learning (AVL), Judgment of Line Orientation (JLO), the Hooper test of visual 

organisation and the Controlled Oral Word Association Test (COWAT). MHE was defined as below two 

standard deviations of the mean on two or more tests. They observed an association between MHE, 

brain Glu (Glx/Cr) and low-grade oedema demonstrated by Magnetisation Transfer Ratio (MTR), which 

disappeared after transplantation, suggesting that low-grade oedema and MHE may be caused by 

increased brain Gln. 

Two further studies evaluated MRS as a tool for early diagnosis; in both cases before standardised 

psychometric abnormalities, the earliest abnormalities to be clinically detected occur. Kooka and 

colleagues (Kooka et al., 2015) examined 21 subjects with cirrhosis without MHE and seven with MHE. 

An early increase in the brain Gln and a decrease in the mI was seen within the brains of patients with 

MHE, but not in those with cirrhosis without MHE. 

Hassan and his Moroccan group (Hassan et al., 2014) used MRS to diagnose MHE in 45.7% of cirrhotic 

patients who were psychometrically and neurologically intact. They examined 35 cirrhotic patients 

and 10 controls, and they excluded all with evidence of MHE or OHE. They found it possible to predict 
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those with more severe liver disease as the subset bearing the “metabolic signature” or having 

decreased mI/Cr and Cho/Cr ratios and increased Glx/Cr ratios in white and grey matters compared 

to patients without MHE and healthy control. These subjects with “MR spectroscopic evidence only” 

MHE then underwent further cognitive testing and were found to have a significantly lower abstract 

thinking subset and total cognitive abilities screening instrument (CASI) scores, than their counterparts 

without MHE and controls respectively. 

That MR spectroscopy is a responsive and sensitive study modality that should be utilised as a measure 

of pharmacological response in longitudinal randomised placebo-controlled studies,  demonstrated 

by the drug and transplant studies showing normalisation of the brain metabolites after therapy or 

transplantation. In the case of TIPSS or withdrawal of therapy studies, the clinical deterioration is again 

mirrored by neurochemical decline of the MRS profile. 

Furthermore, MRS could be used to potentially to clarify or confirm the presence of MHE in cases of 

diagnostic uncertainty, in scenarios such as potential TIPSS treatment or transplant candidacy. It 

should also be considered a screening tool where the price of ignoring potential MHE, such as in the 

case of a pilot or heavy vehicle driver, would be disastrous. 

1.18 The use of Metabolomics and Mass Spectrometry (MS) in HE 

Metabolomics is a discipline which aims the comprehensively and quantitatively analysis of vast arrays 

of metabolites in biological samples (i.e. tissues, cells and biofluids). Metabolomic studies are 

therefore capable of providing a comprehensive profile of low molecular weight metabolites in these 

samples and can reflect changes in endogenous metabolites that are involved in critical pathways, 

giving insights into physiological or pathophysiological processes in the whole organism (Bollard et al., 

2005), (Nicholson and Lindon, 2008), (Nicholson et al., 1999), (Fiehn, 2002). 

Biological samples contain thousands of widely diverse metabolites, with very different 

physicochemical properties, each found in varying concentrations. Interrogating the metabolome is a 

challenge for analytical chemistry because no single analytical platform is appropriate for all 

investigations (Wang et al., 2010). 

Advanced multivariate statistical tools and powerful analytical strategies are required to the highest 

yield of relevant information. Also, some prior knowledge about the complex biological system under 

study is required to enable detection and identification of metabolites which are responsible for 

mediating the phenotypic expression of altered metabolism (Richards et al., 2010).  
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A metabolomic study can be divided into several different stages (Figure 1.11) illustrated below. 

 

Figure 1.11. Workflow for analysis of a metabolomic study. 
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Sample preparation. Biofluids such as urine and serum or plasma are usually relatively easy to obtain, 

and this is important in human studies. The requirement of sampling and sample preparation that is 

not biased towards groups of metabolites has not been adequately resolved. The time, method of 

sampling and storage time can significantly influence the reproducibility of the analytical sample 

(Dunn et al., 2011, Dunn and Ellis, 2005). 

Sample preparation is typically separated into two steps: 

1. Quenching of metabolic activity. Enzymatic activity is decreased or stopped to obtain a sample 

where the metabolic flux is eliminated. 

2. Extraction of metabolites into an appropriate solvent ready for analysis. Biological samples are 

complex and contain different concentrations of matrix components. So, it is necessary to carry 

out an extraction step to separate the metabolites of interest from the matrix. This step is 

dependent on the sample type, nature of metabolites, experimental strategy and analytical 

instrument. 

Tissue samples can provide unique information on mechanistic elucidation as the target alterations 

are directly investigated. The sample preparation for metabolomics analysis is normally labour 

intensive, requires a homogenisation step and employs different solvents depending on the 

hydrophilicity/lipophilicity of the metabolites of interest (Vorkas et al., 2015), (Vorkas et al., 2018), 

(Naz et al., 2014).  

Data acquisition. Mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy (also 

referred to in this thesis as MRS) are the two techniques applied most frequently in metabolic 

profiling. Both MS and NMR have different analytical strengths and weaknesses and provide 

complementary information to the analytical chemist (Beckonert et al., 2007). 

High-resolution NMR spectroscopy is cost-effective, quantitative, non-destructive, and non-invasive. 

Additional advantages of NMR spectroscopy “include minimal sample preparation and fast data 

acquisition per sample (Bjerrum, 2015), (Emwas, 2015). 

Separation or resolution of metabolites via Mass spectrometry requires ion creation. Those ions are 

then ‘sorted’ or discriminated between by their size and charge. This is referred to as the ions mass-

to-charge ratio (m/z) and is unique to that ion. The ions are accelerated towards a detector in a strong 

vacuum to minimise probabilities of ion collisions. A detector is required to detect them at the end of 

the experiment (Alsaleh et al., 2019). The biggest hurdle in MS remains metabolite identification 

because of the occurrence of adducts, ions with multiple charges and fragmentation of metabolites. 
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MS-based metabolomics offers quantitative analyses with high selectivity and sensitivity. Using MS in 

combination with a physical separation technique (such as chromatography) makes it easier to 

distinguish between the produced metabolites as an additional time dimension becomes available. 

Additional information on the physical properties of the metabolites is also useful. MS-based 

techniques usually require a sample preparation step, which can cause metabolite losses, and based 

on the introduction system and depending on the ionisation technique, specific metabolite classes 

may be discriminated or metabolites differentially ionised. The most considerable advantage of MS in 

comparison with NMR spectroscopy is its greater sensitivity, and the most significant disadvantage, 

its lower reproducibility (Bjerrum, 2015) (Emwas, 2015), (Dettmer et al., 2007). 

● Gas chromatography (GC) coupled to MS applications are wide-ranging, although they are 

biased against non-volatile, high-molecular-weight metabolites. Chemical derivatisation is 

typically applied to increase the range of detectable metabolites. 

● Compared to GC, liquid chromatography (LC) requires lower analysis temperatures, and sample 

volatility is not necessary, simplifying sample preparation. Electrospray Ionisation (ESI) is the 

ionisation technique of choice; this is performed in both positive and negative mode to obtain 

the most extensive breadth of coverage of the metabolome. 

Thus LC-MS refers to the process of combining LC and MS to separate complex mixtures by their 

physical and chemical qualities, then identifying the components in each peak and detecting based on 

their m/z (Figure 1.13). This is especially beneficial when many compounds have the same molecular 

mass. 

 

Figure 1.12. The LC-MS set-up schematic 
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In LC, the liquid sample is dissolved in a mobile phase, which is also a liquid and carries the sample 

through a column packed with the stationary phase (porous medium made of granular solid material). 

The sample separates into its components based on their affinity for the mobile and stationary phases. 

The substance with the highest stationary phase affinity takes the longest time to exit the column. 

LC column chemistry and dimensions affect resolution and sensitivity. The use of sub-2 µm particles, 

provide narrower peaks, rapid analysis times and lower detection limits. The use of such small particle 

size resulted in high system back pressures that required instrumentation capable of operating under 

such conditions. This type of LC is referred to as ultra-performance liquid chromatography 

(UPLC/UHPLC). 

LC can be divided into different subclasses based on the polarity of both mobile and stationary phases. 

Normal phase chromatography (NPLC) uses a hydrophilic stationary phase (e.g., silica). Here 

hydrophilic molecules within the mobile phase will adsorb on the column, and hydrophobic ones will 

pass through the column and be eluted first. In reversed-phase chromatography (RPLC) alkyl chains 

are covalently bonded to particles in the stationary phase, creating a hydrophobic stationary phase 

(e.g., C18). This stationary phase then has a higher affinity for less polar or hydrophobic compounds 

such as lipids, and so hydrophilic compounds elute first. Hydrophobic molecules can be eluted by 

reducing the mobile phase polarity using a non-polar or organic solvent. RP is also capable of resolving 

lipids using properties of acyl chain length and degree of unsaturation (Triebl et al., 2017). 

Hydrophilic Interaction Chromatography (HILIC) is a separation technique that utilises the differences 

of hydrophilic properties between the compounds. The stationary phase is hydrophilic, and the eluent 

typically acetonitrile with a small quantity of water. The separation mechanism is a combination of 

partitioning, ion exchange and hydrogen bonding. HILIC provides retention and separation of very 

polar compounds that are not retained with RP conditions. HILIC is useful to analyse amino acids, 

water-soluble vitamins and drug metabolites (Heaton and Smith, 2012). 

 The Quadrupole Time of Flight (Q-Tof) Mass spectrometer 

The quadrupole (Q) mass filter consists of four parallel metal rods have a fixed direct current voltage 

applied as well as alternating radio frequency voltage. Depending on the voltages applied, the 

selective filtration of ions with a specified mass to charge ration (m/z) is possible, as well as their 

fragmentation (Alsaleh et al., 2019). Figure 1.12 below shows four parallel metal rods or quadrupoles 

and ion travel through the centre between the rods. Separation of ions depends on the stability of 

their path towards the detector in the oscillating field applied. 
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Figure 1.13. The quadrupole, showing ions moving from source to detector. Only ions of a specific m/z in 

this case green will reach the detector. The remainder have unstable trajectories and will 

collide with the rods. This allows the selection of specific ions by varying the voltages. 

The Time of Flight (ToF) mass analyser (Figure 1.13) provides accurate mass measurements of the 

molecule’s true mass. ToF analyses involve the use of an electric field of known strength to accelerate 

the ions, in a brief burst, to the MS detector (Guilhaus, 1995). 

 

Figure 1.14. The Q-TOF mass analyser 

The Q-TOF mass analyser pair the quadrupole, as an m/z filter, and a collision cell (providing MS/MS 

capabilities) with a ToF analyser, this enables higher resolution, and mass accuracy analysis of all ions 

simultaneously in MS and MS/MS modes. In the Waters machine, employed in this thesis, the sample is 

ionised in an ESI source, and the beam of particles travels through the ion guide and into the quadrupole. 

In MS/MS mode selected ions can be fragmented by collision with argon gas in the T-wave collision cell. 

The reflectron (electrostatic grid and lenses) helps minimise the kinetic energy dissipation of these ions 

and focus their path towards the detector (Constans, 2006), (Chernushevich et al., 2001). 

Detector 
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Multi Channel 
Plate Detector 
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Ion Path 
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 Data handling  

Metabolomic studies generate massive quantities of data. The handling and analysing such complex 

and large data sets requires high-quality metabolite identification and quantification (Boccard et al., 

2010). As the resulting biological interpretation can only be as high-quality as data interpretation. 

Chemometric tools (i.e. computer-aided pattern recognition and data reduction techniques) have been 

developed to classify biochemical changes that reflect specific physiological or pathological states. 

Data acquired on analytical instrumentation (raw data) are commonly converted and exported in a 

specific format before the data pre-processing is performed. This requires a multi-step methodology 

including; noise filtering, data normalisation, alignment to allow the correct comparison of multiple 

samples. Metabolite level changes in concentration may be minimal or massive and require powerful 

yet flexible statistical processing to determine the relevance of an observed change. The data analysis 

strategy chosen depends heavily on the specific questions asked as detailed in a review by Boccard 

(Boccard et al., 2010). Multivariate statistical-analysis techniques can be divided into two classes: 1) if 

the aim is sample classification and prior information about the sample identity is unknown, 

unsupervised methods are used; 2) if the sample identity is known, the study aims to discover 

characteristic biomarkers and the methods use are supervised. 

 Breathomics Volatile Organic Compounds (VOCs) 

Two studies have employed the use of breath testing for VOC to discriminate between those with 

cirrhosis and no HE and those with HE with varying success. The first study (Khalid et al., 2013) grouped 

participants into those with alcoholic cirrhosis with HE, alcoholic cirrhosis without HE, alcoholics 

without cirrhosis, non-alcoholic cirrhosis and healthy controls. One litre breath samples were obtained 

in adsorbent tubes and were used to collect the VOCs analysed by GC-MS. The multivariate 

discriminant analysis demonstrated that VOC breath-testing could distinguish between healthy 

volunteers in 100% of subjects with no cirrhosis in a heavy drinker (100%), cirrhosis due to alcohol 

(78.3%) or cirrhosis unrelated to alcohol (69.2%), cirrhosis with HE and cirrhosis without HE based on 

a simple breath test. 

Another 42 subject (22 with HE and 20 healthy controls) VOC pilot study was performed by 

Arasaradnam and colleagues (Arasaradnam et al., 2016) aimed to predict the stage of HE by bedside 

breath analysis using a portable electronic nose. They were able to discriminate between HE patients 

and healthy volunteers with a sensitivity and specificity of 0.88 (0.73–0.95) and 0.68 (0.51–0.81) 

respectively, AUROC 0.84 (0.75–0.93). As well as presence or absence of HE, the magnitude of HE was 
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also distinguishable; MHE was discriminated from OHE with a sensitivity of 0.79 and specificity of 0.5, 

AUROC 0.71 (0.57–0.84). 

 Biomarkers 

s100B is a small protein produced by astrocytes. When astrocytes are damaged, s100B is released. 

Some studies have picked up elevated levels in liver failure. A cross-sectional study by Duarte-Rojo 

and group (Duarte-Rojo et al., 2016) categorised the study population into four groups: healthy 

subjects, cirrhosis without HE, cirrhosis with covert hepatic encephalopathy (CHE) and cirrhosis with 

overt HE was able to distinguish between normal and those with cirrhosis and no HE and those with 

cirrhosis, no HE and covert HE. s100B measured by the chosen serum enzyme-linked immunosorbent 

assay (ELISA) was unsuccessful in discriminating between those with MHE and OHE. 

1.19 MHE Interventions/Treatment/Trials 

A variety of original smaller studies, as well as Cochrane reviews and meta-analyses, were available. 

Where possible only the latest version of Cochrane review has been included 

 Non-Absorbable Disaccharides or NADS (Lactitol, Lactulose) 

One of the earliest studies (Morgan et al., 1989) into effects of non-absorbable disaccharides (NADS) 

in sub-clinical HE was a 3-month crossover study with a 4-6 week wash-out period, comparing 

psychometric (NCT, DST, WAIS and Digit Copying) computerised maze testing and two choice reaction 

times, as well EEG. Twenty subjects were recruited, six dropped out (for reasons unrelated to side-

effects). After baseline testing, they were randomised by envelopes to receive either lactitol or 

lactulose. Study visits occurred at one and two months; then the subjects underwent a washout period 

to allow the other arm of crossover treatment to start. No overall performance differences were found 

between lactulose and lactitol arms. However, with the digit symbol sub-test, significant 

improvements were seen in both lactitol (p<0.05) and lactulose (p<0.005) arms. 

A subsequent Italian study by Salerno and colleagues (Salerno et al., 1994) was performed to 

investigate the dose-benefit relationship of five months of lactitol in 28 patients with cirrhosis without 

OHE. Half were randomised to receive a dose of 0.3 mg/kg and the remainder 0.5 mg/kg. The active 

period was followed by a one month recovery period. The improvement was measured by Conn’s PSE 

Index, the ability to subtract serially from 100 in sevens, orientation in time, place and person. Plasma 

ammonia, EEGs were also performed. 
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Both doses were found to improve both plasma ammonia and PSE Index. The higher dose led to better 

psychometric performance. Plasma ammonia was improved in both groups. The EEG was unchanged 

in either group. All the described benefits of therapy were lost on follow-up one month after drug 

cessation. 

A more extensive multi-centre study (Watanabe et al., 1997) identified subjects with cirrhosis and 

either current or previous hyperammonaemia without OHE and categorised them into SHE or no SHE 

and randomised to 4 or 12 weeks of lactulose. 

Prasad and colleagues (Prasad et al., 2007) conducted an open-label study in which 90 subjects with 

cirrhosis and MHE were randomised to either lactulose or no treatment and followed for three 

months. MHE was defined by a score of -2 on the NCTA, NCTB, Block Design Test (BDT), subjects with 

previous episodes of OHE were excluded. The study outcomes were an improvement in psychometric 

performance and quality of life, as measured by the Sickness Impact Profile (SIP) questionnaire. This 

study was able to show a significant improvement from baseline in both psychometry and SIP scores 

at three months. 

A similar unblinded, randomised study from India (Sharma et al., 2012) consisted of another group of 

subjects (n=120) with MHE as measured at baseline, either by a standard PHES or a version adapted for 

the Indian population utilising figure connection test (FCT) to minimise effects of literacy and numeracy 

(Radha Krishan Dhiman et al., 1995). This study looked at the risk of development of OHE in both arms of 

the study. A score of baseline CFF testing was included in this Chandigarh-based study. Subjects were 

included if they had psychometric performance 2 SD below their expected age-matched controls. Those 

with a history of previous OHE were excluded. The primary endpoint measured was the progression to 

OHE; repeat psychometry and CFF testing were performed at three months and 12 months. 

In a further Indian study, Dhiman and colleagues (Dhiman et al., 2000) performed a 3-month 

prospective randomised study of those with MHE who received either lactulose or no lactulose. Forty 

subjects with cirrhosis were screened, and 26 were found to be impaired on NCT, FCT and two WAIS 

sub-tests (picture completion and BDT). Fourteen were randomised to treatment arm for three 

months and 12 to non-treatment. There was no significant difference in baseline scores. After three 

months, the mean number of abnormal test results per subject decreased in the lactulose arm 

(p=0.004), but there was no change in the non-lactulose arm. 

The same Indian group (Prasad et al., 2007) were able to demonstrate improvement in health-related 

quality of life in addition to replicating cognitive improvements in a larger population of individuals 
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with MHE. Sixty-one out of 90 individuals screened were found to have an initial diagnosis of MHE. Of 

these, 31 were randomised to the lactulose arm of the 3-month study. Cognition was again measured 

by NCT, FCT and 2 WAIS sub-tests (picture completion and BDT). Also, the Sickness Impact Profile (SIP) 

questionnaire was used to assess the quality of life. This improvement is thought to be related to the 

cognitive benefits of therapy. 

Evidence that lactulose can produce some changes at the structural level in both MHE and OHE is 

supported by a small open-label lactulose study from London (Patel et al., 2004) of 6 individuals with 

MHE and 3 with OHE that was able to demonstrate reduction of brain oedema as measured by co-

registered volumetric MRI. 

Further support of this is demonstrated by another MR study (Rai et al., 2015), where subjects with 

no HE and those with MHE were randomised to receive either lactulose or rifaximin therapy. Increased 

MTR demonstrated a resolution of cerebral oedema and hence the reversible nature of MHE with 

therapy and was one of the first studies to do so. 

 Microbiome manipulation 

Probiotics are a live microbial food substance that improves host animal health by ‘improving the 

intestinal microbial balance’ (Fuller, 1989). Prebiotics are a “non-digestible food component that 

benefits the host by selectively stimulating the growth or activity of one of a limited number of colonic 

bacteria to improve host health” (Gibson and Roberfroid, 1995). 

Synbiotics may be defined as probiotics plus fermentable fibres, i.e. a combination of pre- and 

probiotics. A valuable study by Liu and colleagues demonstrated the effects of synbiotics on the gut 

flora and mental status of those with MHE (Liu et al., 2004). They randomised 55 subjects with liver 

cirrhosis who screened positive for MHE to a study where 20 were randomised to placebo; half 

received a synbiotic, 20 received fermentable fibre alone and 15 received placebo, for a month. 

Subjects were included if they either had an abnormality on either NCT A or NCT B test and an 

abnormal auditory evoked potential of the brainstem. 

Faecal samples were also taken for bacteriological analysis. Significantly higher levels of E. coli and 

Staphylococcus spp were found within the stools of subjects with MHE pre-treatment. Serum 

ammonia and endotoxin levels, stool cultures, as well as MHE and Child-Pugh scores, were measured 

pre-supplementation, after day 30 of treatment and on day 14-post-treatment cessation. 
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Treatment with synbiotics was not only able to reduce the presence of overgrowth species E. coli, 

Staphylococcus spp., and Fusobacterium spp to concentrations present in healthy controls but also 

promoted a significant increase in Lactobacillus spp. These effects were still evident two weeks after 

treatment cessation. 

A significant increase in non-urease producing Bifidobacterium spp. and significant decreases in both 

E. coli and Fusobacterium spp were also seen in the group receiving fermentable fibres only. Reduced 

E. coli counts were still present on day 14 post-cessation of therapy. Both treatment arms caused a 

significant reduction in stool pH. Biochemically significant decreases were seen in ammonia levels and 

endotoxin levels of both synbiotic and fermentable fibre groups but not placebo. No changes in faecal 

microbiota were seen in the placebo arm. MHE was reversed in 50% of subjects in the treatment arms, 

compared to a 13% reversal rate in the placebo group. The aetiology of this Chinese study population 

was predominantly HBV cirrhosis and some alcohol-related cirrhosis. 

A US study from Richmond in Virginia, employing over-the-counter shop-bought probiotic yoghurt 

supplementation vs no supplementation at a dose of 12 oz per day for 60 days was able to show similar 

improvement in rates of MHE reversal, without recourse to pharmacological forms of 

supplementation (Bajaj et al., 2008b). Given the study used a popular food item, it was also 

demonstrated to be more acceptable to the patients with potentially higher rates of long-term 

compliance as subjects felt it was “more natural” and “less invasive”. The yoghurt contained S. 

thermophiles, L. bulgaricus, L. acidophilus, Bifidobacteria spp. and L. casei. Those patients with 

cirrhosis whom scores were significantly impaired on any of the NCT A, NCT B, BDT or WAIS III scale 

were deemed to have MHE. Study visits were at baseline, one and two months. Endpoints included 

MHE reversal rate, OHE development and adherence. 12/17 in yoghurt arm reversed MHE vs baseline 

in the placebo arm. Overall improved performance was measured on NCT A, DST and BDT, compared 

to baseline vs no treatment group. No significant differences in rates of OHE development between 

groups. Adherence in the yoghurt group was 90%, with only two drop-outs for reasons of palatability. 

An open-label of lactulose and probiotic one capsule three times daily (active components of capsule 

Streptococcus faecalis 60 x 106, Clostridium butrycium 4 x 106, Bacillus mesentricus 2 x 106 Lactobacillus 

spp. 100 x 106) demonstrated equivalence in the efficacy of both agents in MHE treatment (Sharma et 

al., 2008). Patients were defined as having MHE if performance on both NCT A and NCT B was 

abnormal if literate. If they were illiterate, then both FCT A and FCT B was required to be abnormal. 

Alternatively, an abnormal auditory P300 EP was also sufficient to define MHE. One hundred and five 

subjects with MHE were randomised to three treatment arms each with 35 patients: lactulose only, 

probiotic only and a combination of lactulose and probiotics. Probiotics or lactulose or the 
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combination were found to improve serum ammonia, psychometric performance and P300 auditory 

responses significantly in all three treatment groups with overall MHE improvement rate of 51-56%. 

A smaller study (n=43 with 21 probiotic arm, 22 placebo) examining effects of probiotic dose of 1.25 

billion containing Lactobacillus spp., Bifidobacterium longum and Saccharomyces boulardi and was not 

able to detect any differences between those with MHE, as defined by NCT-A and VEP and AEP at 

screening, before or after treatment, or compared to placebo. Arterial ammonia, NCT- A and visual 

and auditory evoked potentials were measured after four weeks (Saji et al., 2011). 

Positive effects of probiotics on brain neurochemistry, as well as neurological function, were 

demonstrated (Ziada et al., 2013) in an open-label study randomised to placebo, lactulose 30-

60mL/day or one capsule containing 106 L acidophilus taken three times a day. The study included 

those found to have MHE on psychometric testing with abnormal scores in two of the following three 

tests: NCT A, DST and SDT, along with 20 healthy volunteers. The follow-up period was four weeks. 

The PHES score normalised in 54.2% of the lactulose arm, in 53.8% of the probiotic arm and 12% with 

placebo. Significant increases in Bifidobacterium, Lactobacillus and Bacteroides colonies were seen 

with both lactulose and probiotics treatment arms, but not with placebo. In the probiotic arm on 

proton MR spectroscopy ratios of mI/Cr and (Cho+mI)/Glx were significantly increased and Glx/Cr was 

significantly reduced when compared to lactulose arm and in both groups compared to placebo. This 

suggested superiority of probiotics to lactulose, with the relative risk reduction of OHE development 

being 80% in the probiotic arm compared to 60% in lactulose arm when compared to Sharma and 

colleagues (Sharma et al., 2008) open-label of lactulose and probiotics which found equal efficacy.  

A double-blind RCT of Bifidobacterium spp. and fructooligosaccharides (Malaguarnera et al., 2007) 

recruited those with cirrhosis and without neurological impairment, so they included by definition 

either cirrhosis with no HE or cirrhosis with MHE. Patients were randomised and underwent 

neuropsychometry, serum ammonia measurement and EEG testing in both probiotic and placebo 

groups at 30, 60 and 90 days follow-up. The treatment group showed significant improvement in each 

of the psychometric tests employed; TMT A and B equivalent to NCTA and B, WAIS-R, MMSE and 

serum ammonia also decreased significantly. EEG did show any significant group differences. 

A recent meta-analysis of the effect of prebiotics, probiotics and synbiotics in the context of MHE, 

included nine randomised controlled trials; all studies included examined the progression of MHE to 

OHE or reversal, all had a placebo arm, and the primary endpoint was changed in the natural course 

of MHE (improvement, reversal worsening). Shukla and colleagues (Shukla et al., 2011) concluded that 
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all were clinically useful in MHE treatment, with the single most efficacious single agent being lactulose 

followed by probiotics and synbiotics. 

 Antibiotics 

Given the manipulation of gut microflora and bacterial elimination by oral disaccharides have both 

successfully treated MHE. It makes sense that antibiotics are also valid treatments. Both bactericidal, 

such as neomycin, vancomycin and bacteriostatic agents, such as rifaximin have been useful in treating 

those with liver cirrhosis. 

Rifaximin is a semi-synthetic derivative of rifamycin, but unlike other rifamycin derivatives, it 

possesses an extra pyrido-imidazole ring which makes it minimally absorbable. So while oral doses 

build up faecal levels fast due to lack of absorption, its safety and side-effect profile is good. 

 Broad-spectrum antibiotics 

Earlier studies involved the use of BS antibiotics groups, such as macrolides or quinolones. However, 

due to the increasing pressures of antibiotic resistance, these approaches are now discouraged. 

Nevertheless, a few critical studies relating to antibiotic and HE treatment are mentioned below. 

One of the earliest comparison studies between neomycin and lactulose was an RCT trial by Orlandi 

and colleagues (Orlandi et al., 1981). This study looked at 173 patients with cirrhosis and a variable 

degree of HE from Grade 1-3. A combination of clinical assessment, EEG and neuropsychometric 

methods, including NCT A and B and star drawing ability were employed for this assessment. Subjects 

did not receive any HE therapy in the 15 days before study start and were assessed by blinded 

investigators every two days for Grade 1 and daily in Grade 2/3. Weekly EEGs performed by a blinded 

neurologist and blood ammonia was measured every five days by a blinded technician. This un-blinded 

study showed no treatment advantage on comparison and showed similar results to double-blinded 

studies by other groups (Conn et al., 1977) (Atterbury et al., 1978). 

Conn’s study (Conn et al., 1977) was a crossover design, a placebo-controlled double-blinded 

multicentre study utilising sorbitol solution for the placebo arm. Neomycin-sorbitol was compared 

with lactulose. They chose to study those with a stable recurrent or chronic OHE and excluded those 

with obvious precipitants. This demanding study necessitated a two month’s hospital admission15 to 

ensure that endpoints of mental state, arterial ammonia EEG and trail making test could be regularly 

 
15  This explains why only those with moderate to severe HE were studied. 



110 

assessed and to regulate the uniformity of both control periods in the crossover. This showed 

significant improvement in both arms, but no obvious superiority of one group over the other could 

be demonstrated. 

The Atterbury study (Atterbury et al., 1978) was double-blinded RCT of 45 subjects with at least grade 

2 HE and cirrhosis. Inclusion criteria was acute or precipitated OHE requiring hospital presentation. 

The PSE syndrome index, NCT, EEG and arterial ammonia were used to assess progress. Two-thirds of 

subjects in each group returned to normal, and 80% showed improvement by one HE grade, thus 

demonstrating non-superiority of either intervention. There were no significant differences in the 

incidence of side effects either between groups. 

Strauss and colleagues (Strauss et al., 1992) were prospectively able to show a 10-day shortening in 

time to regression of OHE to Grade 0, in 39 individuals with cirrhosis (those on anti-HE treatment or 

with chronic HE were excluded). The subjects were all inpatients who either presented with OHE or 

OHE was precipitated during the hospital stay. Participants were randomised to receive oral neomycin 

at 6g per day or placebo, but the group differences did not show statistical significance. 

Another smaller 12-subject study (Tarao et al., 1990) examined the effect of Vancomycin 2g per day 

in a double-blind cross-over design in a specific subset of OHE, they admitted subjects to give them a 

trail of lactulose therapy and only included those who failed to improve with lactulose therapy. This 

demonstrated significant improvement in a) grade of encephalopathy, b) EEG frequency (which 

increased significantly) and reduction in arterial ammonia. The total number of anaerobic gram-

negative rods was also significantly reduced by vancomycin treatment in the group who received the 

placebo arm first. 

 Bacteriostatic Rifaximin 

Later studies have focused on the bacteriostatic antibiotic rifaximin. The rate of recurrence of HE in 

those in remission from OHE was reduced, resulting in fewer hospital admissions for HE and decreased 

the length of stay in those subjects randomised to rifaximin prophylaxis. 

The RIME trial was a double-blind pilot of 1200mg/day of Rifaximin in those MHE examining whether 

eight weeks of treatment could affect improvement in psychometric performance and HRQOL (Sidhu 

et al., 2011). MHE was diagnosed if any of the following tests were abnormal; NCT, FCT, Picture 

completion, Digit symbol or BDT. HRQOL was assessed by the ‘Sickness Impact Profile’ Questionnaire. 

Forty-nine subjects randomised to rifaximin and 45 to placebo. Significant improvements occurred 

with a reduction of mean abnormal NP tests in the treatment arm and improved HRQOL scores. 
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A further study examining driving simulator performance in those with MHE was able to find a 

significant reduction in total driving errors compared to placebo by eight weeks (Bajaj et al., 2011b). 

This randomised placebo-controlled trial employing a dose of 550 mg twice-daily rifaximin included 

those defined to have MHE by dysfunction on any two of the following tests; NCT A NCTB, DST, BDT 

and lures in Inhibitory control test (ICT). 

In addition to these MHE studies, improvement in OHE (Lawrence and Klee, 2008) and prophylaxis in 

recurrence (Bass et al., 2010) with rifaximin has also been well described. The study by Bass and group 

(Bass et al., 2010) randomised 299 patients who were in remission from recurrent HE to receive either 

550 mg twice daily of rifaxamin or placebo for six months. The primary endpoint was any further 

recurrence in HE, the secondary endpoint being hospital admission for HE. Rifaxamin was shown to 

significantly reduce the rate of recurrence of HE (Hazards ratio Rifaximin 0.42, p<0.0002) and 

hospitalisation for HE in the treatment arm (Hazards ratio 0.50, p=0.01). However, over 90% of these 

subjects were on lactulose concomitantly, so perhaps this reflects the combined benefit of rifaximin 

and lactulose. 

Sharma and colleagues (Sharma et al., 2014) designed a study to compare psychometric performance 

in rifaximin 400 mg three times daily, LOLA 3g three-times daily and Velgut probiotic capsules or 

placebo capsules twice daily. Screen positive for MHE was defined as two of the three psychometric 

tests NCTA, FCTA and DST being abnormal and CFF < 39 Hz. One of the strengths of this study was a 

phase 1 where 250 healthy controls underwent both neurophysiological testing and critical flicker 

frequency testing. Although small (n=124), the study was able to show the reduction in abnormal test 

results in all three treatment arms, compared to placebo; intention to treat analysis showed 

improvement in 70.9% of rifaxamin arm, 67.7% of LOLA arm, 50% of probiotics and 30% of placebo. 

But further analysis was limited due to low numbers in each group of this open-label trial. 

One further study deserves mention, as it attempts to evaluate a rifaximin alternative for the 

treatment of an acute episode of OHE in the resource-poor setting (Mekky et al., 2018). A 120 patient 

open-label prospective study compared the effect of metronidazole vs rifaximin in acute 

encephalopathy and found them to be equally efficacious in achieving both primary and secondary 

endpoints of this study. The primary endpoint was an improvement in West Haven Criteria by Day 3 

of admission. Secondary endpoints included ammonia reduction and hospital stay. 

 Branched Chain Amino acids (valine, leucine, and isoleucine) 

BCAAs are the most abundant amino acid, forming up to 40%. They are an essential source of energy 

for cerebral metabolism and postulated to mop up ammonia by supplying the brain with extra Gln. 
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BCAAs are initially catabolised in skeletal muscles, via BCAA aminotransferase (BCAT) with α-

ketoglutarate into Glu and branched-chain keto acids (BCKAs). Glu can form Gln via Gln synthases in 

the presence of excess ammonia, thereby utilising excess ammonia and potentially improving HE. 

Plauth and colleagues (Plauth and Schütz, 2011) identified that a shortage of leucine is what 

precipitates OHE in upper GI bleeding and that this responds to intravenous (iv) leucine replacement 

in a review of several studies. 

Initial studies used iv formulations, such as Higuchi (Higuchi et al., 1994) and co-workers from Japan, 

who studied the effects of BCAA before and three hours after an infusion in those with OHE, grade 1-

2 HE, on the parameters of P300 ERPs, EEG morphology and NCT, DST and BDT. P300 latencies 

reduced, EEG showed less δ wave and more α wave activity and improvement in psychometric tests. 

A multi-centre trial (Les et al., 2011) recruited those with one previous episode of OHE and randomised 

them to either 30g of BCAA or maltodextrin. Both groups were provided with a standardised diet of 

35 kcal/Kg/day and 0.7 g protein/kg/day for 56 weeks. They found no difference in risk of development 

of OHE in the future, but the BCAA arm showed improvement of MHE on neuro-psychometric tests 

and increased mid-arm muscle circumference. 

A further study demonstrated improvement in MHE with oral supplementation, for eight weeks. A 

driving skills study identified 23 subjects with MHE defined on psychometry and likely to have impaired 

driving judgement (Plauth et al., 1993). The Motor Performance Test Battery and the Vienna Reaction 

Time Apparatus were used16. All randomised subjects to eight weeks of BCAA or placebo and cross-

over showed significant improvement in psychomotor performance (DST and NCT) and driving ability 

in those with MHE. No reduction in resting ammonia was seen. 

An elegant study highlighted the critical importance of nutrition (Kato et al., 2013), where those with 

MHE were identified and prospectively followed for eight weeks. Participants were encouraged not to 

skip meals, to meet recommended protein requirements of 1.0-1.5 g/Kg per day, and were allowed to 

continue whatever anti-HE treatment they were already on, including BCAAs. The primary endpoint 

of this study was the resolution of MHE and secondary endpoint quality of life. 68.5% underwent 

resolution of MHE by eight weeks. It was the baseline levels of BCAA and tyrosine ratio (BTR) and 

serum albumin in the improved MHE group compared to the non-improved MHE group that was the 

significant discriminator between groups. 

 
16  These tests are used to assess automobile driving capacity 
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 L-Ornithine L-Aspartate (LOLA) 

LOLA stimulates Gln synthesis within the liver cell. It also drives the urea cycle by increasing the activity 

of ornithine carbamoyltransferase and carbamoyl phosphate synthetase. This ‘mops up’ ammonia, a 

principal toxin, and is the rationale for LOLA therapy in HE (Kircheis et al., 2002). 

It has also been suggested that in promoting amidation of Glu; the resultant Gln formation encourages 

nitrogen uptake by muscles and prevents muscle catabolism and sarcopenia (Stauch et al., 1998). This 

study was aimed primarily at considering ammonia lowering effect of LOLA in stable OHE and was not 

large enough to comment of effects on MHE as a subset. 

Many studies have assessed the efficacy of LOLA in the treatment of HE. These studies may be grouped 

at those using intravenous and more recently oral formulations. The majority of the earlier work has 

focused on the more severe grades of encephalopathy using intravenous LOLA. A few studies have 

emerged using oral LOLA for MHE. The study detailed in this thesis is one such double-blind, 

randomised control trial of LOLA in MHE. LOLA has the advantages of an excellent safety profile, 

palatability, lack of significant side effects and relatively few contra-indications. 

1.19.7.1 LOLA for ammonia reduction 

Staedt and colleagues (Staedt et al., 1993) used iv doses of 5, 20 and 40 g of LOLA in conjunction with 

two protein loads per day at 9 and 12 pm. Plasma ammonia was monitored two-hourly in this double-

blind placebo (saline infusion) study. The postprandial rise in ammonia was seen in the placebo and 

the 5 g condition. In 20 g condition, this rise did not occur after the second protein load or at 40 g with 

either protein meal. Increased urea production was demonstrated at the 20 and 40 g doses. Serum 

Glu rose significantly post 40 g dose; Gln did not. This was one of the first studies to make the possible 

link between increased urea synthesis and increased availability of Glu, leading to increased Gln 

conversion. This study examined ammonia reduction in the context of cirrhosis only and did not 

consider HE as an endpoint. 

An animal study (Gebhardt et al., 1997) using rat models of cirrhosis induced by CCl4, confirmed that 

2 g/kg/day for two weeks lead to a significant increase in plasma urea and decreases in plasma 

ammonia levels. Interestingly there was a net increase in body weight of the Ornithine-Aspartate 

group 49.5 g vs 41.3 g that was not quite significant (p<0.06). This finding was also later replicated in 

Acute Liver Failure rats who had undergone hepatic devascularisation (Rose et al., 1999): a dose of 

0.33g/Kg/hr iv LOLA was sufficient to normalise plasma ammonia levels and delay HE. Brain water 

content was significantly reduced with LOLA treatment; this was measured within 15 minutes of death 

by slicing one half of cortex in 2 mm sections using a gravimetrical gradient against bromobenzene, 
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this technique for cortical brain water measurement was described previously (Anthony et al., 1978). 

Rose and colleagues (Rose et al., 1999) also found evidence of increased plasma Glu, GABA as well as 

increased BCAA leucine, isoleucine and valine. Greater availability of Glu after LOLA infusion supported 

ammonia removal method via Gln synthase. The measured activity of Gln synthase in animals’ treated 

with LOLA was found to be doubled compared to those not receiving LOLA. 

Another study (Rees et al., 2000) examined the protective role of iv LOLA at a dose of 5 g before a 20 

g oral Gln challenge, in a double-blind placebo-controlled study. Inclusion criteria were those with 

cirrhosis listed for liver transplantation, without OHE or not taking HE prophylaxis with or without 

TIPSS shunts in situ. LOLA was assessed for the ability to reduce or prevent induction of 

hyperammonemia and HE. An oral Gln challenge of 20 g was given 30 minutes into either LOLA or 

saline infusion. This study found a significant treatment advantage with LOLA in the non-TIPSS arm, 

both for NCT and CRT and ameliorated the rise in serum ammonia. In the TIPSS arm, no benefit of 

LOLA was observed, compared to placebo on either parameter. Kircheis and colleagues (Kircheis et 

al., 1997) showed that a dose of 20 g of LOLA per day intravenously in either those with OHE or 

cirrhosis and elevated ammonia was adequate to drop arterial ammonia significantly and improve 

psychometric performance when the OHE group was considered overall. This did not support 

ammonia reduction or cognitive improvement in MHE as a subgroup, however. 

An open-label study (Poo et al., 2006) recruiting grade 1-2 OHE with hyperammonaemia, defined as 

ammonia 60 mmol>, randomised 20 Mexican patients with cirrhosis to receive either oral LOLA at a 

dose of 9-18 g per day or oral 30-60 mL per day of lactulose. Both groups achieved a significant 

decrease in blood ammonia levels. A significant reduction in time required to perform the NCT, in the 

degree of asterixis, and improvement in the number of cycles per second in EEG activity was also 

observed in the LOLA arm. Both groups showed a non-significant trend towards improvement in SF36 

Scale scores. The Functional Health Subscale and the Mental Health Subscale found no statistically 

significant difference, but LOLA group subjects trended towards improvement. The Visual Analogue 

Scale of the EuroQol Survey improved significantly in both groups. 

The presence of systemic hyperammonaemia was associated with the presence of specific 

neurometabolites observed in HE. In an open-label proton MR study (Delcker et al., 2002) the authors 

set out to examine whether changes in the Glx/Cr could be observed in those subjects undergoing a 

40 g iv LOLA infusion (in those with known OHE grade 1-2 stable HE). They found that Glx/Cr ratios did 

significantly correlate with ammonia levels. 
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1.19.7.2 LOLA for improving cognition; resolving an episode or preventing OHE or MHE 
recurrence 

A placebo-controlled RCT study by Kircheis and colleagues (Kircheis et al., 1997) specifically recruited 

those with chronic persistent HE Grade 1-2 or subclinical (SHE), then termed ‘Grade 0 HE’, manifest 

by NCT-A time prolonged 30 seconds or more, with ammonia over 50 mmol/L and proven cirrhosis. 

The endpoints of this study were NCT-A completion time, venous ammonia normalisation, mental 

state grade or PSEI. 20 g/kg of LOLA was infused daily iv for seven days. The NCT A performance 

improved significantly in LOLA arm in all three subgroups of disease: SHE, HE Grades 1 and 2. 

Postprandial ammonia decreased significantly too, with the most significant improvement in HE Grade 

2. 

A contrasting randomised, double-blind study did not find 60 days LOLA superior to placebo in the 

treatment of MHE (Alvares-da-Silva et al., 2014). MHE was defined by PHES testing. This study used 

“complete” recovery as the marker of improvement of MHE, which may be too stringent a criterion 

for this type of study. They did show significant improvement when first and final visits were compared 

for NCTB and CFF. No overall differences were found including total PHES, CFF, serum ammonia, QoL 

or depression scores. However, the LOLA arm experienced a significant improvement in their Child-

Pugh grade and also suffered significantly fewer episodes of OHE in the six-month follow-up period. 

A study (Ndraha et al., 2011) looking at those with MHE defined by CFF <39 Hz and malnutrition, 

defined by a mid-arm mass circumference (MAMC) under the 15th centile, first supplemented all 

patients with a 35-40 kcal per kg body weight diet and 1.5 g protein /body weight including BCAA in 

all 34 subjects. The authors randomised 17 to receive 6 g three-times daily of LOLA for two weeks, and 

the remainder did not receive LOLA. The authors were able to show that LOLA at this dose was able 

to effect significant improvement in MHE measured by CFF this was over and above the benefits of 

improving the nutritional status of both groups. Protein status measured by blood albumen could be 

increased by providing BCAA or by LOLA. 

One of the first studies of oral LOLA formulation in chronic HE was by Stauch and colleagues (Stauch 

et al., 1998), who found that oral LOLA was safe and well-tolerated in a double-blinded randomised 

trial, using a divided dose of 18 g per day for two weeks. This dose was co-administered with a protein 

meal designed to induce hyperammonaemia of 0.25 g/kg of body weight. Inclusion criteria were 

chronic stable OHE or sub-clinical HE (MHE) and proven cirrhosis. Of note, 32 (20 OHE and 12 MHE) 

were randomised to placebo and 34 (23 OHE, 11 MHE) to the LOLA arm. Group and subgroup analysis 

showed significant improvement in NCT performance as well as fasting and post-prandial ammonia. 

The Porto-systemic Encephalopathy index also improved significantly in the LOLA arm. 
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In 2006, Poo and her Mexican colleagues (Poo et al., 2006) performed a randomised head to head 

comparison study of LOLA vs lactulose in two matched groups with Grade 1-2 OHE and 

hyperammonaemia (60µg/dL>) accompanying HE. The meals were standardised to 76 g/protein per 

day. Ammonia reduction was achieved in both groups with a dose of oral LOLA 9-18 g per day for two 

weeks or lactulose 30-60 mL/day for two weeks. Only the LOLA arm showed significant improvements 

in mental status on WHC, NCT, asterixis and EEG findings. 

1.19.7.3 LOLA for improving Liver function 

Chen (Chen et al., 2005) demonstrated in a double-blind RCT of 85 subjects with cirrhosis and OHE (45 

LOLA, 40 placebo) that 40 mL of LOLA iv per day for seven days lead to a significant improvement in 

synthetic hepatic function (p<0.01)17, as well as ammonia reduction(p<0.05) but no cognitive benefit 

was found. 

1.19.7.4 LOLA for improving quality of life 

Several studies have considered the impact of LOLA therapy on the subjects’ quality of life. Poo and 

her Mexican colleagues in 2006 (Poo et al., 2006) demonstrated significant improvements in the Visual 

Analogue Scale, and EuroQol index parameter in both LOLA and lactulose groups in a head to head 

comparison study and also demonstrated non-inferiority in terms serum ammonia reduction. 

Additional benefits were observed in LOLA arm, including improved asterixis scores and EEG activity. 

An open-label RCT study by Abid 2005 (Abid et al., 2005) suggested inpatient stay could also be 

reduced when LOLA or placebo was added as an adjuvant to treatment of OHE in 120 hospital 

inpatients; however, this length of hospital stay study has not been replicated subsequently. 

Another unusual study (Schmid et al., 2010) looked at the effect of a placebo-controlled infusion study 

of LOLA 20 g/day iv or 5% dextrose. This randomised trial found a trend in improvement in the 

treatment of postural hypotension in MHE as well as in the PHES with LOLA to a greater degree than 

placebo, but neither effect was significant; the study was underpowered at 40 subjects. 

Mittal and colleagues (Mittal et al., 2011) in an unblinded study of lactulose, LOLA and probiotics 

demonstrated that all three agents in the context of MHE induced a significant improvement in 

Sickness Impact Profile and psychometric profile on multivariate analysis. 

 
17  Chen study (paper in Chinese only abstract available) measured hepatic function improvements in synthetic 

function score could have been induced by increased blood albumen form the increased protein content of 
the LOLA supplement. 
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A multicentre German study by Ong and colleagues (Ong et al., 2011) with an open-label design used 

oral LOLA 6 g tds for eight weeks to study the effect of the intervention with a version of the Chronic 

Liver Disease Questionnaire CLDQ-D, validated for the German population. Additional Qol Measures 

assessed were changes in disease severity measured by the Clinical Global Impression Scale-Severity 

CGI-S and status measured by the Clinical Global Impression Scale-Improvement CGI-I. After eight 

weeks of therapy, there were improvements in all domains of HR-QoL, especially fatigue, 67%. 

Symptom severity also improved. Large numbers of subjects were possible as all causes of cirrhosis 

and all grades of OHE were included. 

Alverez de Silva and colleagues (Alvares-da-Silva et al., 2014) from Brazil in a study of 64 MHE patients 

showed that 60 days of LOLA 5 g tds was not superior to placebo in a double-blind placebo-controlled 

trial in the treatment of MHE but was useful to prevent future recurrence. MHE was defined using CFF 

and EEG. A significant improvement was found in the change in score on NCTB and CFF. However, no 

overall differences were observed on the whole psychometric battery (also NCT A and DST) CFF, Liver 

Disease Quality of Life (LD QoL) and Becks Anxiety and Depression Scale scores. However, in the six 

month follow-up period, significantly fewer episodes of OHE occurred in the treatment group. 

Sharma and colleagues (Sharma et al., 2014) screened 314 cirrhosis patients and only included those 

defined to have MHE using CFF and three psychometric tests. Patients were randomised to oral LOLA, 

rifaximin, probiotics or placebo. Improved psychometric performance and CFF was significantly 

greater for LOLA, rifaxamin and probiotics, compared to placebo. 

1.19.7.5 LOLA for improving muscle function/nutrition and sarcopenia. 

Cirrhosis is a catabolic condition, and protein malnutrition is known to be a predictor of survival in 

those with chronic liver disease. 

Sarcopenia refers to a reduction in both muscle fibre size and quantity and is a well-recognised process 

in healthy ageing, but also in many advanced disease states, including cirrhosis. The links between 

muscle-wasting, elevated ammonia and the development of HE are not clear. Data suggest that 

individuals with cirrhosis and sarcopenia are more likely to die than those with liver disease, but 

without sarcopenia (Montano–Loza et al., 2012) this was even despite correcting for the severity of 

the liver disease, where sarcopenia was defined by CT imaging of lumbar musculature. Sarcopenic 

individuals are also less likely to survive liver transplantation (Englesbe et al., 2010) (Kaido et al., 2017). 

Also, it has been demonstrated that those individuals with sarcopenia are more likely to develop HE 

and to experience both more frequent and more severe episodes than their non-sarcopenic controls 

(Periyalwar et al., 2011). 
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This finding has been replicated by others including a large prospective study of 300 patients admitted 

with cirrhosis (Merli et al., 2013) which has shown reduced skeletal muscle bulk is an independent risk 

factor in the development of both OHE and MHE. Although the mechanisms are not entirely clear, it 

is thought to be due to a potential de-amidation of ammonia within the skeletal muscle. In support of 

this, the same study observed significantly higher resting ammonia within the low muscle mass 

individuals. 

Another smaller study of 46 patients undergoing TIPPs also identified low skeletal muscle bulk as a 

risk factor for the development of HE post-TIPPS insertion; again thought to be due to lack of ammonia 

clearance (Nardelli et al., 2017). Lack of muscle mass has also been correlated with reduced survival 

in cirrhosis. 

 Other agents/approaches 

1.19.8.1 Resveratrol (RV) 

RV is a plant extract derived from the hellebore root. It appears to have among others attributes anti-

inflammatory properties and also ammonia lowering abilities. A very recent study by Malaguarnera 

and colleagues (Malaguarnera et al., 2018) examined the extent of depression, anxiety and QoL in 70 

patients with MHE who were randomised to receive either N-acetylcysteine (NAC), lactoferrin and RV 

or NAC and lactoferrin alone. MHE was diagnosed on PHES. Becks Depression inventory, state-trait 

anxiety inventory and SF 36 Short form questionnaire. In the RV group, not only was there a significant 

fall in ammonia but also in urea, AST, ALT, and γ-GT. There was also a significant improvement in the 

treatment of depression, anxiety, and improved the quality of life of MHE patients. 

1.19.8.2 Chinese herbal trial 

Jieduhuayu granules are a Chinese medicinal supplement often recommended to those with liver 

disease in China. Animal work with ALF rat models using Jieduhuayu treatment dramatically improved 

liver function and increased survival rates in ALF model in rats. Decreased IL-2 and TLR-4 expression 

were observed post-treatment, Wang and colleagues (Wang et al., 2017) postulated the mechanism 

is anti-inflammatory and as a hepatocyte regeneration by promoting agent. 

A recent 80 patient open-label study randomised examined neuro-psychometric and 

neurophysiological effects of Jieduhuayu granules. The chosen formulation per 10 g bag contained the 

raw material of rhubarb (15 g), red peony root (15 g), peony root, capillary artemesia (15 g), Hedyotic 

diffusa (15 g), curcuma root (15 g), and grass-leavened sweet flag rhizome (15 g). 
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The study randomised 20 subjects who were diagnosed as having MHE into the four groups in a 1:1:1:1 

ratio (n = 20). The first group received B complex vitamins, the second B complex vitamins plus 

Jieduhuayu. Group 3 comprised lactulose plus B complex vitamins. The final group received Jieduhuayu 

plus lactulose and B complex vitamins. MHE was diagnosed on NCT, DST and MMSE (<27 abnormal). 

Each arm ran for 15 days. The improvement was measured by NCTA MMSE and ERP 300. Compared 

to lactulose alone, Jieduhuayu showed significant improvement in P300 latency NCT A and MMSE 

scores. 

1.19.8.3 Flumazenil and benzodiazepines 

One of the aetiological factors in the development of HE is increased GABAergic tone, and it is 

recognised that benzodiazepine administration such as midazolam often used a short term anxiolytic 

in the performance of endoscopic procedures can exacerbate subclinical HE or MHE (Assy et al., 1999). 

For this reason, the central benzodiazepine receptor antagonist, flumazenil has been examined for 

therapeutic effect in MHE. Dursun and colleagues (Dursun et al., 2003) conducted a placebo-

controlled trial where 20 patients with HE were randomised to placebo (a saline infusion) and 20 to a 

1 mg/hour flumazenil infusion for five hours. All stages of HE from MHE until grade 3 were considered. 

Subjects were screened with GCS and NCT scores. Progress was monitored with an ECG 15 minutes 

prior and one hour into 5-hour infusion. NCT and PSE tests were performed every 30 minutes from 

infusion start. Significant improvements occurred in the PSE and NCT scores. No significant differences 

were observed on EEG. 

A Cochrane review published last year (Goh et al., 2017) pooled data from 14 RCTs and meta-analyses 

showed those who received flumazenil were more likely to recover from their HE than people given a 

placebo. They did not find a survival benefit of flumazenil on all-cause mortality compared to placebo. 

1.20 Guidelines for MHE research 

A consensus document published from the ISHEN expert panel guides the conduct of HE clinical 

research (Bajaj et al., 2011a). It has recommended that all trials in MHE should be randomised and 

double-blinded, as it is not a commonly treated condition. MHE should be treated as a continuum 

rather than categorical variable as the subjective clinical scales mean it is often difficult to differentiate 

those with no HE from those with MHE. Those with current or previous OHE be excluded from studies 

of MHE. Finally, they recommend the use of at least 2 of the following EEG, CFF, PHES, or ICT for 

multicenter randomised trials, because further data on their interchangeability and standardisation is 

still required. 
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 Conclusions 

MHE is challenging to diagnose unless it is specifically assessed; MHE is common, but a fluctuant 

condition with a reported frequency of 80% of those with cirrhosis. Many of the earlier studies failed 

to define MHE clearly because consensus opinion on how to diagnose or treat effectively has been 

lacking. The most recent European Association of the Study of the Liver (EASL) guidelines (Vilstrup et 

al., 2014), which are a joint guideline produced by American Association Study of Liver Disease (AASLD) 

and EASL, so far focus only on the treatment and diagnosis of OHE. 

The development of MHE is likely to have prognostic implications in terms of progression to OHE and 

subsequent mortality. There is also a clear socio-economic burden in terms of employability. 

Considerable data are available on MHE individuals and their ability to drive or function in society. Not 

only does this have implications for the individual and society as a whole, but particularly for the 

caregiver. Those with MHE are 40% more likely to undergo falls compared to those with cirrhosis 

without MHE 12.9% (Román et al., 2011). 

LOLA is an ideal target to study brain muscle in HE as it improves cognition and animal studies support 

muscle prevention of muscle catabolism. Several studies support ammonia-reducing abilities. A better 

understanding of MHE probably requires long term maintenance treatment once it is diagnosed unless 

the trigger is obvious and maybe excluded permanently. 

Study Hypothesis 

● The brain and skeletal muscle change in structure and function in patients with MHE. 

● MHE-related changes are reversible with a therapeutic intervention (with LOLA). 

Primary Endpoints 
Relating to Brain Function on Psychometry.  

Detection of minimal hepatic encephalopathy and MHE-related changes on psychometry using PHES 

and Cogstate. 

Secondary Endpoints 
Relating to brain structure and function 

● measurement of changes in brain volume (co-registered MRI) in mm3 

● measurement of white matter integrity as seen on diffusion-weighted imaging 

● measurement of chemical changes due to osmolyte fluxes (in vivo 1H MRS) 
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● measurement of task-responses times and resting brain activity to those seen in healthy 

individuals in brain function (fMRI) 

Relating muscle structure and function 

● the normalisation of the muscle metabolic profiles after LOLA treatment, when compared to 

placebo as seen using Mass Spectrometry 

● function (in vivo using anthropometrics and power testing) 

● muscle quality (histology & histochemistry) 



122 

Chapter 2 

Mixed Bedside Methods 

2.1 Study Design 

 Approvals 

Research Ethics Approval (ref 12/LO/1937) for this study was gained from REC London Fulham on 15/11/13 

(see appendix for approval). MHRA approval was obtained on 08/01/13 (see appendix for approval). Final 

site-specific approval for this study was granted on 3/5/13. This study is a clinical trials.gov registered as a 

longitudinal double-blind placebo-controlled randomised trial. Please refer to clinical.trials.gov for further 

information (“Clinical trials.gov Brain Muscle Axis During Treatment of Hepatic Encephalopathy With L-

ornithine L-aspartate - Full-Text View - ClinicalTrials.gov,” n.d.), URL 

https://www.clinicaltrials.gov/ct2/show/NCT01847651. Study visits were performed at week 0, week 4, 

week 12 (Figure 2.1). Please note that the study design follows ISHEN recommendations for research into 

MHE by having a placebo arm. LOLA acts as an investigational medicinal probe (IMP). 

 

Figure 2.1. Schematic of Study Design, the Investigational Medicinal Product, IMP is LOLA 

Study design Longitudinal LOL A study

Screen Visit 1 Visit 2

MHE by 
PHES

Clinical assessment
Biochemistry
PHES/Cogstate
Urine/plasma NMR/UPLCMS
Vastus muscle biopsy
Nutritional assessment
T1 Volumetric MR Brain
T1 MR quadriceps
MRS Basal ganglia

Time 0 4 weeks

Visit 3

12 weeks

Clinical assessment
Biochemistry
PHES/Cogstate
Urine/plasma NMR/UPLCMS
Vastus muscle biopsy
Nutritional assessment
T1 Volumetric MR Brain
T1 MR quadriceps
MRS Basal ganglia

Clinical assessment
Biochemistry
PHES/Cogstate
Urine/plasma NMR/UPLCMS
Vastus muscle biopsy
Nutritional assessment
T1 Volumetric MR Brain
T1 MR quadriceps
MRS Basal ganglia



123 

 Study Hypotheses 

1. The brain and skeletal muscle change in structure and function in patients with MHE 

2. MHE-related are reversible with therapeutic intervention with LOLA 

2.1.2.1 Primary Endpoints 

1. Relating to brain function on psychometry 

● Detection of MHE and MHE-related changes in psychometry using PHES and Cogstate. 

2.1.2.2 Secondary Endpoints 

2. Relating to brain structure and function 

● measurement of changes in brain volume (co-registered MRI) in mm3 

● measurement of white matter integrity as seen on diffusion-weighted imaging 

● measurement of chemical changes due to osmolyte fluxes (in vivo 1H MRS) 

● measurement of task-responses times and resting brain activity to those seen in healthy 

individuals in brain function (fMRI) 

3. Relating muscle structure and function 

● the normalisation of metabolome as seen on LCMS of muscle 

● function (in vivo using anthropometrics and power testing) 

● muscle quality (histology & histochemistry) 

4. Other Endpoints 

● venous ammonia 

● self-report questionnaires: SF 36 

 Randomisation 

The IMP and placebo were randomised at the source and received in separate batches deliveries from 

Merz Frankfurt, in temperature-monitored packaging. Both batches, contained placebo and LOLA 

sachets and the randomisation information was contained in sealed envelopes (one number per 12 

week batch per subject) were provided and stored in the Trial Pharmacy with the drug stock. 
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The IMP was dispensed in serial order. Randomisation occurred on visit one whereby the subject was 

given the first six weeks of IMP to take away with them on completion of the first study visit. The 

remaining six weeks were taxied home with them at the end of visit 2 or week 4. 

 Blinding 

The study remained blinded to the chief investigator (me), to the PI (STR), to the nurses (HM, NC, MEC) 

that assisted during muscle sample collection and biopsies and also performed some cognitive testing 

(excluding screening visit testing), to the research radiographer (JF) who supervised the MR studies 

and also all members of the trial pharmacy who dispensed trial medications. Only after completion of 

LPLV 19th June 2015 was the study partially unblinded by Senior Research Administrator (CEP) into 

Group 1 and Group 2, to allow further statistical analysis to occur. 

 Screening 

The chief investigator performed all screening visits and recruitment following explicit inclusion and 

exclusion criteria. During subsequent study visits, either the chief investigator (YP), NC, or MEC (who 

received appropriate training to do so) performed cognitive testing. 

 Inclusion and exclusion criteria 

The inclusion and exclusion criteria are listed below; again full details are available on 

https://www.clinicaltrials.gov/ct2/show/NCT01847651 (“Clinical trials.gov Brain Muscle Axis During 

Treatment of Hepatic Encephalopathy With L-ornithine L-aspartate - Full-Text View - 

ClinicalTrials.gov,” n.d.) 

Inclusion criteria 

● Ambulant patients of any Child-Pugh stage cirrhosis and PHES-defined MHE or Grade 1 HE (Scoring -4 or 
below) 

Exclusion criteria 

● Previous episodes of OHE without a clear precipitant 

● Recent excessive alcohol consumption (abstinence for those with alcohol-related liver disease, 
otherwise less than 28 units18 of alcohol per week) 

● Severe coagulopathy (INR>2, platelets<60000 / μL, Fibrinogen <1 mg/dL) 

● Known myopathy or myositis, trauma to the lower extremities within three months, 

● Renal dysfunction with a serum creatinine of > 3 mg/dL (265 μmol/L) 

 
18  The 1995 government recommended guidelines recommended that an adult male should drink no more 

than 28 units of alcohol per week. They were updated to 14 units in 2016. This study ran from 2013-2016, 
so was in line with previous recommendations.  
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● Ferromagnetic implants 

● Recent intestinal haemorrhage within one month 

● Claustrophobia 

● Weight > 120kg 

● Major psychoactive medication, such as antipsychotic agents 

● Known cerebrovascular disease or pre-existing neurological conditions 

● Age less than 18 or greater than 65 (at time of initial screening)  

 

 Study visits and procedures 

All study visits were identical, and a typical visit required attendance from 08:00-17:00. During the visit, 

cognitive testing, dietary history, muscle, blood, and urine sampling occurred. Besides, a Short Form 36 

score, WTAR vocabulary testing, and the D-KEF or Stroop testing was performed in the afternoon before 

the MRI Brain, which provided structural, functional, and MRS data. See Table 2.1 for study procedures 

in detail. Please also refer to the appendix for instructions, test cards, and scoring guides for SF-36, WTAR 

and Stroop, otherwise referred to as Colour word inhibition test (CWIT). 

Table 2.1. Study procedures. These were identical on each study visit day. 

 Screening 

Visit 1 

Wk 0 

Visit 2 

Wk 4 

Visit 3 

Wk 12 

Initial discussion X    

Informed Consent X    

Physical Examination  X X X 

PHES psychometric test X X X X 

Cogstate test X X X X 

Blood sample  X X X 

Urine sample  X X X 

SF-Health related quality of life questionnaire  X X X 

Stroop and WTAR  X X X 

Dietary assessment & activity questionnaire  X X X 

Measurement of arm muscle circumference  X X X 

Walking test and Grip strength  X X X 

Muscle biopsy of the leg  X X X 

Bed rest  X X X 

MRI scan of brain and leg muscle  X X X 
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 Study Power 

This study was powered at 34; this was assuming a minimum difference in PHES that can be detected 

of ±1 would be required to enter this two-treatment parallel-design study. There is an 80% probability 

that the study will detect a treatment difference at a two-sided t-test at the 0.05 significance level if 

the standard deviation is one. 

 Recruitment and study drop-out including the approach to data handling of 
dropouts 

Due to the requirement of three whole days commitment from each volunteer and fixed twice-weekly 

MR appointments, there was often several months delay between screening visit and visit1 and study 

start. This meant that on occasion, subjects initially outside criteria became eligible and vice versa. 

This advanced planning allowed me to maintain a steady flow of participants through the study and 

also afforded volunteers’ time to change their minds about study participation before the start of the 

study. 

Where possible, the drop-out data was included, but for most outcomes measured a serial change, 

either repeated measures type analysis with all 3 data time points (0, 4, and 12 weeks) were required 

or a change in a parameter which required at least data from first and final visits. 

2.1.9.1 Hypothesis: 

1. Compliance will be over 80% 

2. More beneficial effects will be reported in LOLA treatment arm 

3. More side-effects will be reported in the LOLA treatment arm compared to placebo 

4. Quality of life, as calculated by the SF 36 Questionnaire, will improve in the LOLA group as 

compared to the placebo 

2.1.9.2 Methods for obtaining self-report data 

Patients were randomised to a number after consenting to participate on the screening day. Telephone 

contact was made twenty-four- forty-eight hours before the study visit participation, and attendance 

and instructions to remain caffeine-free19 on the day of the study visit were repeated. Compliance was 

measured by the return of unused sachets and pre-labelled box lids for completed boxes recovered as 

described later. 

 
19 See section 3.1.3 fMRI methods for further details 
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Side-effects, as well as desirable effects (treatment benefits) and the number of boxes remaining, 

were explicitly asked for at each visit and during study scheduled telephone contact. Additionally, all 

patients were encouraged to email in to inform the chief investigator of any relevant changes they 

noticed as they became aware of them. 

 Assessment of compliance 

The chief investigator strongly reinforced pharmaceutical compliance with three times daily IMP 

regimen both during the study visits and at other times telephonically when confirming rescheduling 

study visits. 

Compliance20 was calculated by a combination of self-report throughout the study but finally by empty 

boxes, and the unused stock returned. Study drug accountability included an interview at each of the 

three time-points to determine if the subject took the medication, lost some of the pills, or set aside 

pills, e.g., pillbox, handbag or desk drawer. 

The fundamental purpose of visit 2 was necessarily collect compliance and side-effect data and to 

ensure compliance with therapy and to dispense the second six weeks of IMP as the first six weeks 

were dispensed on the first visit. 

Calculating Study Drug Compliance: 

(Total dispensed −  returned)
(Days between visits x dose[# of pills]

X 100 

or 

ℎ    
ℎ  ℎ  ℎ   

 100 

2.2 Patient-perceived side-effects, effects, and tolerability 

Side-effects and any perceived benefits for the patient were determined by direct questioning from 

a list of possible side-effects and effects at each visit, i.e., 4 and 12. They were telephoned 

periodically by the chief investigator to assess these as well as compliance. Any urgent or important 

effects or side effects subjects were encouraged to email or leave an answerphone message to the 

chief investigator. 

 
20  Unfortunately there are no pharmacological methods to measure compliance.  
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2.3 Background to Short Form 36 (SF-36) questionnaire 

The SF-36 questionnaire was developed following the Medical Outcomes Study (Ware and 

Sherbourne, 1992). It measures eight generic health concepts that are clinically important regardless 

of the patient’s age, disease, or treatment (see Table 2.2). Designed for self-administration, it allows 

a psychometrically robust means to assess health as measured from a patient’s point of view. 

Table 2.2. Domains of Self-report in SF-36. The broad categories of questions relating to the domains 

are detailed. 

Domain 
No. of 
items Content of questions 

Physical Functioning 10 Whether health limits  

Role: Functioning Physical 4 Whether physical health restricts work or other daily 
activities 

Bodily Pain 2 Pain intensity and effect on domestic chores 

General Health 5 Personal evaluation of health, future health, and resistance 
to illness 

Vitality 4 Feeling energetic or feeling worn out 

Social Functioning 2 Whether physical/emotional health interfere with usual 
social activities 

Role: Functioning Emotional 3 Whether emotional problems interfere with daily activities 

Mental Health 5 Depression, anxiety, general positive affect 

Reported Health Transition 1 Current health compared to 12 months prior 

 

 The Z-score calculation method for SF-36. 

The SF-36 raw data (see appendix for questionnaire) was scored using a standardised system described 

in the “How to Score the SF-36 Health Survey” (Ware, 1993). 

Standardisation allows these scores to be reliably and validly compared with other studies. In general, 

the higher the score, the better the individual is functioning. 

Raw scores were entered into Excel; then, relevant formulae applied to generate a score scale from 0-

100 for each item. 
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2.4 Dietary evaluation 

A brief data collection proforma sheet (see appendix for a source document datasheet) was followed. 

The purpose was to check subjects' use of caffeine on study visit day as they had been instructed to 

remain caffeine-free before cognitive testing and record their dietary intake (for metabolomic 

research) three weeks prior. 

Height and weight were also recorded. It was double-checked whether or not they had been well since 

last visit and any changes in their regular medication, i.e., courses of illness, antibiotics, variceal 

bleeding, although all participants were advised to email immediately if any of these changes occurred 

routinely. 

2.5 Biochemistry and stratification of the severity of liver disease using 
Childs Pugh and UKELD 

Blood samples labels were preprinted on CERNER and were collected by the chief investigator and 

sent to the lab routinely for full blood count (purple tube), clotting (blue tube), urea, electrolytes,  liver 

function tests (yellow tube) and glucose (grey top). Two plain tubes were collected (one rust coloured 

and one green tube), refrigerated, centrifuged and aliquoted into Eppendorf within 30 minutes. A 

separate mint green tube of blood was taken and placed in a kidney dish of ice immediately and hand-

delivered to biochemistry Lab. Lab staff were forewarned to expect ammonia sample delivery 30 

minutes before taking the sample, since it was not a routine test and requires immediate processing. 

Results for all blood tests were available by the end of the day, including ammonia usually. An excel 

sheet was created to allow calculation of the Body Mass Index, Child-Pugh Score in numbers, and 

UKELD score. 

The Childs Pugh uses five parameters: HE, ascites, prothrombin in percentage, serum albumin in g/L, 

and bilirubin in mg/L. Each parameter is scored from 1-3, 3 representing the most severe derangement 

(see Table 2.3 and 2.4 below). 



130 

Table 2.3. How to obtain a Child-Pugh Score score. The Child-Pugh score is a mixed clinical scoring 

system that can stratify the severity of liver disease and predict survival. It is part objective 

(biochemical and haematological indices) and part subjective, requiring the clinician’s 

judgment about the degree of confusion and or ascites present. 

Parameter 1 point 2 points 3 points 

Total Bil umol/l <34 34-50 >50 

Serum Alb g/l >35 28-35 <28 

INR <1.7 1.7-2.3 >2.3 

Ascites None Mild Moderate-severe 

Hepatic Encephalopathy None Grade I-II/ suppressed 
with medication 

Grade III-IV/refractory  

 

Table 2.4.  Child-Pugh Scores and relationship with survival. Childs Pugh A refers to the least advanced 

cirrhotic liver disease, reflected in higher two-year survival. Child-Pugh C refers to the most 

severe form of decompensated liver disease, with a limited 2 year and 1-year prognosis.  

Points Class One year Survival Two-year Survival 

5-6 A 100% 85% 

7-9 B 81% 57% 

10-15 C 45% 35% 

 

The UKELD score is arrived at by the following formula; 

UKELD: 5x (1.5 x ln(INR) + 0.3 x ln(Creat) + 0.6 x ln(Br) - 13 x ln (Na) + 70) 

Both Child-Pugh and  UKELD scores are capable of predicting survival in cirrhosis patients. The UKELD 

score is more recent and contains no measure of HE, and it is made of entirely objective rather than 

subjective parameters. It is, therefore, employed to assess transplant candidacy in the UK. 

Because the Child-Pugh scale is a clinical scale including biochemical parameters, it also requires data 

about the presence or absence of ascites that were taken from the most recent USS within six months 

of date tested, presence, or absence of OHE, i.e., clinically apparent HE. Given the PHES scale measures 

MHE, not OHE, the point for the presence of (overt or clinically obvious) HE was only awarded if the 

PHES was -8 or lower. This is an arbitrary value, however, if MHE cut off is -4, the cut-off for normal is 

-3, based on the normative data provided with the European PHES tool, then it may be assumed that 
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-8 at double the cut-off for MHE may be clinically overt, and should be scored as such on the Childs 

Pugh scale. 

2.6 Cognitive Testing Methods. Psychometric testing: PHES, Cogstate, 
WTAR, and Stroop 

 Main Hypotheses and Primary Endpoint 

1. MHE-related cognitive changes are reversible with the therapeutic intervention (with LOLA) 

2. Improvements should be detectable by the improvement of PHES scores with LOLA 

3. Improvements should occur in Cogstate parameters with LOLA therapy 

 Sub Hypotheses 

4. Improvement is not expected in WTAR as it is a measure of IQ 

5. Improvement is expected in the Stroop Interference tasks in the treatment group 

6. PHES scores are expected to correlate with the clinical level of liver disease 

The two primary endpoints of this double-blind placebo-controlled study are cognitive performance 

as measured by: 

1. Paper and Pencil Hepatic Encephalopathy Score (PHES). The 2009 ISHEN Practice Guidelines 

recommend PHES testing as the gold-standard psychometric test (Randolph et al., 2009). 

2. Cogstate Research battery™. Unlike most paper and pencil measures, Cogstate tasks are 

designed to minimise the effects of practice and learning and therefore show excellent stability 

whether the re-test interval is daily, weekly, monthly or at another interval (Falleti et al., 2006) 

(Darby et al., 2002), (Hammers et al., 2012). 

Both tests were performed on the date of screening, with a PHES score of -4 determining eligibility. 

The tests do not measure the same thing, but core cognitive skills of attention, psychomotor speed, 

and processing speed are being tested (see Table 2.5 summarising what parallels exist between the 

two test batteries). Having two primary cognitive endpoints is more robust than using either alone. 

Data from our pilot study (Cook et al., 2017) showed that the PHES subtest DST correlated most 

strongly with the ISL Cogstate task. 
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Table 2.5. Comparison of Domains of Cogstate to potential analogues in the PHES test. The Cogstate 

battery may not be directly compared to the PHES are they are relatively different tests, but 

certain similarities and parallels may be drawn.  

Cogstate Domain Cogstate Task PHES analogue 

Executive Function Groton Maze Learning NCTB 

Visuomotor Function Chase test SD, LTT 

Psychomotor Function Detection task SD, LTT 

Visual Attention Identification task DST, NCTA, NCTB 

Visual Learning and Memory One Card Learning (OCL) DST 

Visuospatial Memory/Attention Continuous Paired Association Learning 

(CPAL) 

X 

Verbal Learning and Memory International Shopping List (ISL) 

Immediate vs Delayed Recall 

X 

Attention/Working Memory One Back Task (OBT) DST 

 

In addition to the primary endpoints, two additional measures of paper and pencil cognitive testing 

were used. The W-TAR, which can provide a useful indicator of verbal IQ, which is understood to be 

notably preserved in HE (Weissenborn et al., 2001) and the Stroop test. 

W-TAR. This is a vocabulary test developed by Wechsler (Wechsler, 1955). Subjects are given a list of 

50 words (see appendix for word list and score sheet of acceptable pronunciations) that are not 

necessarily pronounced as they are written. They are instructed to read them out as quickly as possible 

regardless of whether or not they know what the words mean or know how to pronounce them. 

Stroop testing. This is a four-part colour-word interference test designed to measure attention (Delis 

et al., 2001) based on the Stroop Paradigm (Stroop, 1935). Stroop data has been shown in other 

studies (Murphy et al., 2007, Kubicki et al 2009) to have correlated with diffusion-weighted imaging 

results; they are discussed here as part of the psychometric battery I used for this study and will be 

considered again in Chapter 4 Brain structural changes. 

 Equipment 

● Standardised scripted PHES instructions, see Appendix 8 

● PHES tests three versions A, B, and C, see Appendix 10 

● PHES normative values, see Appendices 11-16 

● PHES Line tracing Grid for standardised scoring of Line tracing error, see Appendix 17  
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● English PHES normative data table (kindly loaned from Dr Marsha Morgan (Marks et al., 2008), 

see appendix, which required the input of raw scores) 

● Stopwatch 

● Two sharpened pencils 

● Quiet room with a desk, chair, and good lighting 

● A computer with an in-built trackpad (no mouse) pre-loaded with Cogstate Research battery™ 

 Approach to subjects and testing details 

Thirty-four subjects were required to complete this study. Suitable patients were identified according 

to the inclusion and exclusion criteria for this study. 

Several recruitment strategies were used to recruit patients into the study. A pilot Cogstate study in 

those with Liver cirrhosis attending outpatients at St Mary’s Hospital campus was performed as a 

preliminary (Cook et al., 2017). 

The initial screening visit consisted of a brief history and examination of the volunteer to check 

eligibility. Participants were telephoned beforehand to remind them to attend caffeine-free. Caffeine 

is known to interfere with fMRI BOLD signalling (Perthen et al., 2008), (Griffeth et al., 2011). on all 

screening and study visit days. Subjects were given a minimum of 48 hours to read the patient 

information sheet (see appendix), before recruitment and informed, written consent was obtained 

(see appendix), according to the guidelines adopted by the 18th World Medical Assembly in the 1964 

Declaration of Helsinki on Human Rights (World Medical Assembly, 1964). The ethics approval was 

REC 12/LO/1937. 

If the subject was happy to proceed with screening, drug history and brief educational background 

and employment history was recorded. 

All patients underwent Cogstate™ and a version (randomised to A, B, C) of PHES. The order of testing 

Cogstate™ versus PHES was also randomised between patients to eliminate the effects of eyestrain/ 

fatigue. 

All tests were performed by the same three individuals (YP, MC, NC) to minimise variability between 

examiners. All screening and consenting visits were performed by the chief investigator (YP) to confirm 

the suitability of participants. The PHES test score was calculated on the day of the initial screen, to 

ensure entry criteria of -4 or below was met. If the subject consented to take part, they were issued 

with a further three appointments at 0, 4, and 12 weeks separation. The interval between screening 
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to randomisation on week 0 varied from 1-9 months due to study visit appointment availability. Each 

subject was followed for three months prospectively after entry into the study, during which they 

underwent three visits. Study visits could only occur a maximum of twice a week due to constraints of 

requiring Liver Day unit Bed space in the morning and same-day MRI slot. In view of this precise 

planning of the future study, visits were required, and these could only be accommodated if subjects 

were pre-screened in advance.  

Once MHE at diagnosis was proven in the context of any grade cirrhosis, the subjects remained eligible 

for study even if not obviously impaired at the time of study visit,as it is known that the 

pathophysiology does not change and even after transplantation, cognitive deficits may persist. I did 

check before each study visit that any active contraindications had not occurred in the intervening 

period, such as an intercurrent stroke or MRI safety.  

The screening log determined test order with PHES and Cogstate alternating as the first task. Both 

tests were performed using the scripted, pre-set written script for PHES, and computerised uniform 

instructions built into Cogstate. After completion of both tests, a note was made of their occupation, 

school-leaving age, and medications. After this, the subjects were allowed to leave. 

2.6.4.1 PHES 

Four versions21 of PHES of comparable difficulty were in circulation (see Appendix-for version 1), to 

avoid the effects of repetition and learning. Care was taken to randomise them so that each individual 

received a different version at each visit, to minimise the effects of learning and memory. 

Brief Task Descriptors of PHES are presented in the figures 2.2, 2.3, 2.4 below, including digit symbol 

test, Number Connection tests A and B and Serial dotting tasks, and Line tracing task. 

 
21  Each version has slightly different placement of symbols (DST) numbers (NCTA, B) and letters (NCTB) and 

maze for Line tracing tests, to reduce the effects of practice.  
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Figure 2.2. Example of the Digit Symbol Test. This relies on decoding numbers 1-9 into symbols. The 

better the subject’s working memory, the faster the processing speed will be as they will 

need to refer to the key less frequently to complete the task.  

 

Figure 2.3. Schematic of Number Connection tests A and B and Serial dotting tasks. The NCTA requires 

joining up consecutive numbers at speed. The NCTB is more complicated as it requires set-

shifting, shifting between numbers and letters. Serial dotting requires the subject to dot the 

centre of each circle if the subject has a tremor or a psychomotor delay this may be 

impaired. 

Digit Symbols Test 

A measure of attention and processing 
speed 

NCT A: Numerals only NCT B: Numerals and 
alphabet 

Tests Psychomotor 
function 

Tests attention and 
executive function  

measure of processing speed 

Serial Dotting 
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Figure 2.4. Example of the Line tracing task, with the guide for marking and measuring errors. Line 

tracing test 1 refers to one pattern of the maze; there are another 3 versions available, each 

with its overlay for scoring errors. 

2.6.4.2 Methods of Z score generation, PHES 

The PHES score was calculated on the day of examination. The test values from each PHES subtest 

were transformed into a ‘Z’ score using a table of age-matched controls from the German normative 

data set. The raw scores were subsequently inputted into a table to generate data to be compared 

with English normative data. 

2.6.4.3 Cogstate 

This test is presented on a computer screen. For ease of use, the same model laptop was used 

throughout to ensure comparable results. “Yes” and “no” responses were using keyboard keys “d” 

and “k.” A mouse was deliberately not connected, but the laptop track-pad was used to move the 

Line tracing test 1  

Line tracing test 1 transparent overlay 

Weighting and Scoring of Errors 

3 x 1 error points 

3 x 2 error points 

3 x 3 error points 

Total error 
points= 11 
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cursor. A supervisor was required to read out the Shopping list for auditory recall four times during 

this test. Initially, the list was read out loud by the assessor, and the screen shielded from the 

participant. Then the participant was asked to recall all 12 items on the list in 60 seconds. This exercise 

was repeated twice. After each list repetition, the subject was asked to recall all items. 

The remainder of the sub-tests selected included one ‘chase test’ (a simple maze task), numerous card 

tasks zero-back, and one-card learning and visuospatial memory task. See table 2.6 below for details. 

Finally, the last item was long term recall of the original shopping list items that were learned initially. 

Table 2.6. List of subtests I selected from Cogstate’s full test battery. The 7 domains of brain function 

that were incorporated into this study protocol are listed next to the test paradigm. 

Cogstate task Domain tested 

Visuomotor Function Chase test 

Psychomotor Function Detection task 

Visual Attention Identification task 

Visual Learning and Memory One Card Learning (OCL) 

Visuo-Spatial Memory/Attention Continuous Paired Association Learning 

(CPAL) 

Verbal Learning and Memory International Shopping List (ISL) 

Immediate vs Delayed Recall 

Attention/Working Memory One Back Task (OBT) 

 

On-screen text, prompts were available for each test to be completed. The purpose of the supervisor 

was to merely prompt the candidate to perform each test, using the on-screen prompts. 

The Cogstate tests were saved to the computer and uploaded after every 5-6 patients using Cogstate 

Data Point software. Cogstate were then requested to provide us with the raw scores from the 

uploaded data. 

Protocol optimisation occurred in the form of excluding Detection (DET) and Groton Maze Learning 

Tests (GMLT). The changes were actioned after a discussion with Cogstate scientists after the 12th 

patient was screened. Some candidates were taking over 60 minutes on the Maze task alone, bringing 

the total Cogstate testing time to in excess of 100 minutes, and candidates were then too fatigued for 

the remaining battery. DET was excluded as it provided similar information to identification (IDN), 
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although it was a very brief exam. The decision was made to continue to include CPAL in the battery 

despite its length, as it was thought to be a more discriminatory test. 

2.6.4.4 Task Descriptors Cogstate 

The Website (www.cogstate.com) provides sample screen-shots with examples of various test tasks; 

the screenshots displayed in the figures below are from task descriptions from the Cogstate manual, 

with permission. See also Appendix 18 for Cogstate™‘s description of tasks, reproduced with 

permission. 

Figure 2.5 shows a randomly generated list for recall, after three consecutive repeats (ISL), and at the 

test end, delayed recall of the same list ISLR. 

 

Figure 2.5. The International Shopping List (ISL) and The International Shopping List Delayed Recall 

(ISLR). This is a literacy-free test of verbal memory, and the examiner reads out the list of 

items. 

Figure 2.6 shows the maze below used for both the Groton Maze Learning Task GMLT and the Chase 

test. Both tests had to be excluded from the final battery due to test difficulty, as when subjects felt 

frustrated, their performance was impaired further; another reason for its exclusion is that it required 

the use of track-pad. Figure 2.7 and 2.8 are simpler card-based tasks the latter closely mirroring on of 

the decision making tasks performed within the MR scanner (See Chapter 3). The final task of the set 

is the most difficult and requires detailed visuospatial memory functions. 

ISRL is the long term recall of the same list (ISL) at the end of the full battery 
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Figure 2.6. Chase Test (CT). The red marker followed a randomly generated route from one end of the 

square, to the other. The subject then needed to follow the correct route through the square 

by clicking through the correct sequence of tiles.  

 

Figure 2.7. The detection task (DET) - Has the card turned over? This measures errors of commission, 

where detection or button press is too early, or omission button press is too late 

In CT the subject follows the 
target and registers the 

path by using a track pad 

In GMLT a specific route 
from top right to bottom 

left of 10x10 is 
demonstrated for 

replication 

  

Correct 
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Correct response is ‘yes’ press ‘k’  

Correct response is ‘no’ press‘d’  

  
 

 

    

 
 

 

Correct response is ‘no’ press‘d’  
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Figure 2.8. Identification Task (IDN) - Is the card red? This simple task requires the subject to respond 

‘yes’ to the red joker and ‘no’ to the black joker.  

 

Figure 2.9. The Continuous Associate Paired Learning Task (CPAL). The practice task is much simpler than 

the actual task. When tested, seven repeats of the CPAL tasks are measured. This task is a 

complex 10-item snap. Abstract shapes are hidden under various balls. The Shape that is 

revealed in the centre is the target shape that must be identified and located in the 

periphery.  
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is ‘no’ 
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response 

is ‘yes’ 
press ‘k’ 

 

 

 

 

 

 

A selection of abstract 
shapes and their 

locations are presented 
to the subject 
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2.6.4.5 Methods, Z score generation Cogstate 

Data from all 34 subjects plus 4-dropouts was collected. The age-matched healthy normalisation data 

table was obtained from Cogstate™. Z-scores were calculated using the primary outcome for each 

test, using the following formulae. 

= (( − )/SD)* Multiplicand 

Where ZDETcurrent =standardised current score 

Xcurrent = individual performance on, e.g. DET task 

Xbar = age-specific normative mean performance 

SD = age-specific normative standard deviation 

Multiplicand =+1 where task involves accuracy or total correct, e.g., ISLT, OCL 

Multiplicand =-1 where task involves speed, e.g., DET, IDN, OBK or errors, e.g. GMLT, CPAL 

The six tests sub-selected for this study were Continuous Paired Associate Learning (CPAL), Groton 

Maze (GMCT), Detection (DET), Identification (IDN), International Shopping List (ISL) and The 

International Shopping List Delayed Recall (ISRL) 

2.6.4.6 Stroop 

Figure 2.10 below shows an example of each of the four subtests of the modified Stroop (Delis Kaplan). 

See Appendices 19-22 for formal test cards, laminated for use. 
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Figure 2.10. Example of the Delis Kaplan Colour Word Interference Test. The four components of this test 

are shown. For Test 1 The coloured tiles require the colour to be called out in response. Test 

2 is a simple reading exercise with no mismatch. Test 3 is a task with word interference: the 

subject is asked to name the colour of the and refrain from reading the word. Test 4 requires 

the subject to name the ink colour and to not read the word as before but set-shifting is 

required with a new rule. The rule is to ignore this if the word is in a black box and actually 

read the word. 

For each test, the errors and the total time is taken to complete the task are recorded. The raw scores 

of time are inputted into a table that provides the z scores. 

Each of the four subtests comes with instructions to be read out and requires successful completion 

of two test rows for practice before the timed test begins. 

Name the colour patches 
Interference: Nil 
CWIT test 1 Colour Naming 

 green red blue red 
 red green blue green 
 green blue red green 
 blue red green blue 
 blue red blue green 
 red blue green blue 

Name font colours printed which 
spell out incongruously coloured 
words (do not read out words) 
CWIT test 3 Inhibition 
  
   green blue red blue  
 green red blue blue 
 blue green red blue 
 red red blue green 
 green blue green red 
 red blue green green 

Read the colour word names printed in black ink 
Interference: Neutral 
CWIT test 2 Colour Word Reading 

Name font colours printed which spell 
out incongruously coloured words. 
Unless the word is in a box then read the 
word out (not ink colour) 
CWIT test 4 Inhibition and Switching 

 red   blue   green  green                  
green     blue    red       blue 
 red      green        red     blue 
 blue    green    red     red 
 green   red    red        blue 
 green     red     blue       red 
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The laminated test cards (Appendices 19-22) were placed in front of the subject in each case. Please 

also refer to Appendix 23 for test instruction and error scoring cards. 

CWIT1 Colour Naming 
“Please call out the colours of the blocks.” First, complete the two test rows. If these are completed 

without errors. Proceed to the test. Call out all square colours from left to right (point start and finish 

squares) as accurately as possible. 

CWIT2 Colour Word Reading 
“Please read out the test line of words written in black ink. Begin here” (point to the first word, the 

first line as the starting point). “Read each word one after the other without skipping any until you 

reach the end” (point out last word last line). 

Start timing and record any errors. The first letter of incorrect colour should be recorded on the 

marking sheet. Nonsense words such as “Bleen” should also be noted. Line skipping errors should be 

prompted. Note time for completion or not complete by 90 seconds record the point of stopping. 

CWIT3 Inhibition 
“Look at this page. This will be harder than the previous task as the colour names are printed in 

different coloured ink. You must name the colour of the ink the word is printed in. You must not read 

out the word”. Complete test rows discontinue test if the subject requires more than four corrections 

in the two test lines. 

If the two test rows are completed satisfactorily, point out on the page where the test starts and 

instruct them to call out each ink colour, without skipping any, as quickly as they can without making 

any mistakes. Time with a stopwatch. Record any errors on the score sheet as before. Prompt 

examinee if they make three consecutive errors of reading out the words or if they miss a line. Allow 

the test to continue for 180 seconds, after which time record the last completed item if incomplete 

test. 

CWIT3 Inhibition and Switching 
“For the last part of this test, you need to do exactly what you did for the last test, name the ink 

colours, do not read out the words. But, if the word is in a rectangle, then read out the word and do 

not name the ink colour”. If the test rows are correctly completed, then ask them to begin the test as 

before pointing out the start and finish words and commence timing. Record errors as before. Prompt 

if the subject misses a row. Time until test completed or for 180 seconds. After this time, record where 

the subject finished if the test is incomplete. 
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Chapter 3 

MRI Imaging Methodology 

3.1 General MRI Scanning Methods 

All subjects were scanned on the same day as cognitive testing except in the case of scanner 

breakdown where two subjects with alcoholic liver disease had to be scanned at 24 and 72 hours post-

cognitive testing. The scan sequence took approximately two hours22 from start to finish. Before 

scanning an MR Safety checklist was completed by all participants (see Appendix). All subjects were 

scanned on a 3T Siemens Scanner located at Clinical Imaging Facility (CIF) in Hammersmith. A 

laminated instruction card (Figure 3.1, Figure 3.2) was used to remind subjects of tasks for obtaining 

fMRI data. In addition to the MRI scanner, a participant viewing screen and stimulus-response controls 

for both left and right hands were required for each subject. 

A separate computer located in the MRI control room was connected to the stimulus screen so that 

the task could be run at the appropriate time in the scanning sequence 

 Software requirements for MRI Data processing 

● FSL Software (http://fsl.fmrib.ox.ac.uk/) used to process and view images. 

● For brain volume measurements ‘Segment’ from SPM12 (University College London, UK) as well 

as FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/). 

● For DTI White-matter microstructure was analysed using diffusion tensor imaging (DTI) data, 

using FSL (http://fsl.fmrib.ox.ac.uk/) tract-based spatial statistics (TBSS) with DTI-TK software. 

● LC Model version 6.3 was used to view pre-processed and processed Proton spectroscopy data. 

● SPSS version 25 was used for all other analysis. 

 
22  This was a long scan time and included T1 images of upper thigh. This added 20 minutes to total scan time 

but due to reproducibility issues and failure to internally reference location from bony prominence, T1 
thigh images were discarded from this study and will not be discussed further. The brain scan time could 
not be reduced beyond 100 minutes for the protocol utilised.  
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 MRI Acquisition parameters 

Acquisition parameters for the whole MRI brain sequence were as follows (consult Appendix for 

additional parameters not specified here): 

● A Siemens 3T Verio (Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil was 

employed for all study visits. 

● T1-MRI was a magnetisation-prepared rapid gradient-echo (MPRAGE) sequence; TE = 2.98 ms, 

TR = 2300 ms, with a contrast of TI = 900 ms, flip angle = 9°, field-of-view = 256 mm, 160 

contiguous slices of 1mm thickness, voxel size = 1 mm3. 

● Diffusion-weighted images (for diffusion-MRI) were acquired along 64 non-collinear directions 

with b = 1000 s/mm2 and four images with b = 0 s/mm2, TE = 103 ms, TR = 9500 ms, field-of-

view = 256 mm, 64 contiguous slices, voxel size = 2 mm3. 

● The High-resolution 3D fluid-attenuated inversion recovery or FLAIR sequence parameters were 

as follows: TE = 394ms, TR = 5000ms, TI = 1800ms, field-of-view = 250 mm, 160 contiguous slices 

of 1 mm thickness, voxel size = 1 mm3. 

● Single voxel 1H MRS data were acquired in three regions at baseline: frontal white matter, 

anterior cingulate cortex (ACC), and basal ganglia. Each voxel was volume 15 x 15 x 15 mm and 

parameters were TR=2000 ms, TE=30 ms, flip angle=90°. 

● At 12 weeks follow up, the same three voxels locations were selected and acquired. The 15 mm3 

isotropic voxels, were manually positioned by trained radiographers, and 92 averages were 

acquired at TE = 30 ms and TR = 2000 ms for each region. 

● Blood-oxygen-level-dependent (BOLD) response sensitive echo-planar imaging (EPI) was used to 

acquire resting-state fMRI data for 10:06 minutes: TE = 30 ms, TR = 2000 ms, flip angle = 80°, 

field-of-view = 192 mm, 35 interleaved slices of 3 mm thickness with no gap, voxel size = 3 mm3. 

Participants were instructed to remain still with their eyes closed and not think of anything 

specific while trying to stay awake. 

 In-Scanner Methods including participant instructions for acquiring fMRI task 
and resting data 

All participants were instructed to be caffeine-free on the day of study visit. Caffeine is well known to 

modulate the fMRI BOLD signal; the mechanism for this is complex and many factor are involved 

including caffeine having cerebral vasoconstrictive properties (Perthen et al., 2008), (Griffeth et al., 

2011). 
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All participants arrived at scanning facilities for imaging protocol after a full morning’s cognitive 

assessment and muscle biopsies. One-gram paracetamol was offered to all subjects a minimum of five 

hours before scanning but was only availed by five subjects on a 100 biopsy-scan episodes. MR safe 

reading glasses were offered to all those who required visual correction to see stimulus screen. 

Initially, the subjects received a 10-minute resting scan, in which they were told to lie still, keep their 

eyes closed, but remain awake. 

Immediately before they started the task, they were given the following A4 size double-sided 

instructions reminder for CRT laminated prompt to see Figure 3.1 and Figure 3.2. (Griffeth et al., 2011). 

 

Figure 3.1. A photograph of laminated Task instructions reminder presented at each visit before 

scanning for CRT task. This prompt card was presented immediately prior the task CRT 

component. This was to provide a uniform or scripted experience to reduce variability in pre-

task instructions and interactions.  
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Figure 3.2. A photograph of laminated Task instructions reminder presented at each visit before 

scanning for WM task. A visual reminder of instructions for WM component of the task was 

also provided. Again, this was in order to provide a uniform or scripted experience to reduce 

variability in pre-task instructions and interactions. 

The subjects were positioned in the scanner, as shown in Figure 3.3. The subjects were then given 

hand controls (Figure 3.4) to operate with the index finger of each hand in response to visual cues 

displayed on a screen (and viewed through a mirror containing eyepiece). Participants were instructed 

to respond as quickly and accurately as possible. 

 

Figure 3.3. Subject position in scanner responding to visual display. This wide-bore scanner was 

generally well-tolerated by most participants. 
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Figure 3.4. Hand controls operated by the index finger (trigger movement) of each hand. Both are 

identical controllers and held one in each hand. The correct hand and hand-position for each 

controller is ensured by the radiographer when positioning them within the scanner to avoid 

confusion.  

The CRT task was performed first (Figure 3.5): a 4-minute task where subjects had to decide whether 

the arrow was pointing right or left.23 No motor response was required to the fixation cross. 

 
23  All fMRI tasks require a level of baseline cognitive capacity and attention. The ability to distinguish left from 

right is not tested here and not required per se. The individual has a controller in both right and left hands. 
They need to see the arrow and decide which side of the screen it is pointing and use the ipsilateral hand 
for a single button-press, to register their response.  
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Figure 3.5. Schematic for Choice Reaction Time (CRT) and Working Memory (WM) tasks. Note fixation 

crosses appeared at random during both tasks. The correct decisions and appropriate 

responses are shown in the diagram. 

CRT was followed by a 4-minute numerical zero-back task where digits 0-9 appeared randomly. 

Written instructions reminded the individual to press the right-hand trigger if the number was the 

same as the one immediately before and left-hand trigger if it was different before the start of the 

task. No response was required to the fixation cross, but candidates were expected to recall the last 

digit seen before the cross. 

Design efficiency was improved by utilising a blocked design with 10 seconds of fixation cross per 32 

seconds of the task. 

T2-weighted gradient echo-planar brain scans were acquired for fMRI on the Siemens Magnetom 

Verio Syngo 3T scanner using a magnetisation prepared rapid gradient echo (MPRAGE) T1 weighted 

sequence. Slice thickness was set to 3.0 mm, TR 8.6 ms and, TE 4.0 ms and Flip angle of 20 degrees. 

fMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL 

(FMRIB’s Software Library www.fmrib.ox.ac.uk/fsl). Z Normalised (T/F) statistic images were 

thresholded using clusters determined by Z>2.3 and a (family-wise error corrected) cluster significance 

threshold of P=0.05. 

When not performing fMRI tasks, the screen display was switched to the virtual aquarium video 

(Figure 3.6) considered to be neutral and relaxing. This was reported to be particularly useful for the 

more nervous subjects. 
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See https://www.youtube.com/watch?v=cYU_dhrmvyU for details. 

 

Figure 3.6. Screenshot of Virtual aquarium. This virtual aquarium You Tube video was played on repeat 

when screen was not used to project fMRI tasks. 

3.2 MRI Modality Specific Data Processing Methods 

 Brain Structure 

3.2.1.1 Brain volume and cortical thickness 

Using T1-weighted MRI, brain volumes (grey matter, white matter, cerebrospinal fluid) were calculated 

using ‘Segment’ from SPM12 (University College London, UK). Mean cortical thickness, cortical volume, 

cortical area, and the subcortical area across both cerebral hemispheres were computed using ‘recon-all’ 

command from FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/). Freesurfer is a program that 

reconstructs the cortical surface of the brain from a three dimensional (3D) volume. FreeSurfer converts 

from 3D voxels ‘2D mesh’ of vertices arranged in triangles covering the external brain surface, similar to 

wrapping oranges in a fruit net. See Figure 3.7 below for a representation of triangles superimposed on a 

brain gyrus (green) sulcus (red). 
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Figure 3.7. Vertices and edges definition on Freesurfer. White matter or pial surfaces are represented in 

Freesurfer by triangular meshes. A normal vector can be calculated for each triangle 

consisting of three points or vertices v1, v2, v3 of a given surface mesh area. 

Each Vertex contains information about: 

● Brain Volume 

● Thickness 

● Area 

● Curvature 

This information allows the brain surface to be unfolded, enabling us to more accurately observe 

differences in grey matter across brain gyri and sulci. 

The cortex is “parcellated” into differently labelled brain areas. The brain is also “segmented” into 

white matter and subcortical structures. For each parcellation and segmentation, the volumes and 

thickness can be generated, and these can be exported to tab-delimited text files for further analysis. 

In addition to considering the cortical brain volume, and surface with Freesurfer, longitudinal voxel-

wise assessment of changes to brain volume was calculated using the SPM symmetric diffeomorphic 

longitudinal registration process. The differences between visit 3-1 were used to calculate the change 

over time between groups using two-tailed t-tests. 
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3.2.1.2 Methods used Diffusion-weighted studies 

White-matter microstructure 
The white-matter microstructure was analysed using diffusion tensor imaging (DTI) data, using the 

following software: 

1. FSL (http://fsl.fmrib.ox.ac.uk/) tract-based spatial statistics (TBSS) (Smith et al., 2006). Tract-

based statistics is an FSL method that acknowledges difficulties in applying registration algorithms 

and the difficulties of aligning the FA maps of multiple subjects. It does so by a finely tuned 

registration step and the use of a mean FA skeleton, so subjects’ tracts are superimposed on to 

the skeleton of white matter tracts map and so is less affected by partial volume and other issues. 

TBSS aims to improve the sensitivity, objectivity, and reliability of DTI studies such as this that 

have multiple participants. 

2. The Diffusion tensor Tool Kit (DTI-TK) (Zhang et al., 2006) is a convenient free software that 

allows registration, analysis and visualisation of DTI data. It was used here for affine then non-

linear tensor-based image registration. 

Voxel-wise measures of fractional anisotropy and mean diffusivity were derived from normalised 

tensor images. For univariate analysis, a whole-brain white matter ‘skeleton’ region was used by taking 

the mean value across the common areas of major white matter fibre tracts (Cole et al., 2018b). 

The methodology for this analysis is adapted from a study examining longitudinal DWI changes in 

Huntingdon’s disease (Cole et al., 2014), where the full methods can be found (Gregory et al., 2015). 

A more recent study utilising similar methods for cortical thickness, DTI, fMRI and MRS is from the 

COBRA group (Cole et al., 2018a) which measured the effects of HIV on the brain. The approaches are 

detailed further in a later review (Cole et al., 2018b). 

Initial registration of diffusion-weighted images was to the corresponding B0 reference image. The B0 

image is usually a T2 image of the anatomy accounting for tissue signal and contrasts without the 

presence of diffusion gradients. A different B0 will be generated each time the same subject is scanned 

as there are other scanning factors such as subject re-entry or re-positioning, shim, inhomogeneity of 

field strength, and signal to noise ratios. 

B0 registration enabled corrections for motion and eddy current distortions to be performed. A non-

linear least-squares method was used to fit the tensor at each voxel, using Camino (Cook et al., 2006) 

Tensor-based registration was then performed using DTI-TK (http://dti-tk.sourceforge.net) (Zhang et 

al., 2006). 
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Tensor based registration was chosen over conventional scalar-based registration because it permits 

incorporation of local fibre orientation data, providing improved sensitivity of DTI metrics to 

microstructural differences between groups (Zhang et al., 2007), (Wang et al., 2011) and the 

performance of study-specific atlas generation (Müller et al., 2006). A previously recognised 

longitudinal registration procedure was used in which average within-subject templates were 

registered to a study-specific group template avoiding bias caused by asymmetric image registration 

or imbalanced application of interpolation schemes (Keihaninejad et al., 2012). 

Diffusion Tensor images for visit 1 and visit 3 were obtained for each subject. 

A ‘bootstrap’ template was created by co-registering visit 1 and visit 3. Each image was then non-

linearly registered to the template using an iterative approach. A conscious decision was made to 

exclude all visit 2 data given that one of the 34 participants was unable to complete the second study 

visit and the primary clinical interest was in the change between visit 1 and visit 3. 

These affine and non-linear registrations were then combined so that the input images could be 

mapped to subject-template space in one interpolation step (Lee et al., 2009). 

The same iterative affine and the non-linear procedure was used to generate a group template. Average 

participant images were used as input. The resulting transformations were combined again to move 

within-participant template images into the group template space with a single interpolation. 

Spatial normalisation of all participants’ tensor images to a study-specific group template, was 

achieved by this combination. Individual subject maps for FA, AD, and RD, could then be generated 

from this for further processing and statistical analysis. 

Atlas-based Region of Interest (ROI) analysis. 
In order to define our ROIs, the 2 mm3 ICBM-DTI-81 atlas (Mori et al., 2008) within FSL software was used. 

The ICBM-DTI-81 is a “stereotaxic probabilistic white matter atlas” that combines DTI based white matter 

information with an anatomical template based on scans of 81 healthy right-handed subjects aged 18-59. 

This map was generated by the International Consortium of Brain Mapping (ICBM) 

Based on Cole et als.’ previous work, the number of regions was reduced from 48 to 24 to include only 

those with high test-retest reliability for FA, AD and RD (i.e. intra-class correlation coefficient > 0.8) 

(Cole et al., 2014). 

However, the analysis in Cole and groups’ study used sequentially acquired data from a single visit 

(not multiple time-points). Because this study is multi-visit, there is no confound when using that data 
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to inform the selection of ROIs for the study on which the analysis of this project data has been based 

(Gregory et al., 2015). 

The DTI-81 atlas was registered to the group FA template using the Nifty- Toolkit 

(http://sourceforge.net/projects/niftyreg) components Aladin, for affine registration (Ourselin et al., 

2001) and F3D, for non-linear refinement (Modat et al., 2010). 

The computed transformation was then used to warp the label files to match the group FA template. 

The group FA template, was thresholded at FA > 0.2. Voxels below this threshold were removed from 

DTI-81 label images in group-template space. The mean value of each metric (FA, AD, and RD) was 

then calculated across each ROI for each participant at each visit. 

Statistical analysis 
All higher-level analysis was conducted in SPSS version 25. The repeated measures of each ROI/metric 

combination were separately analysed using generalised least squares regression models, with 

outcome variance (and correlations between pairs of measures) allowed to differ both by the group 

and visit. 

 Brain Function 

3.2.2.1 Functional connectivity 

Measures of ‘within-network’ connectivity were calculated from resting-state fMRI data using FSL ‘Dual 

Regression.’(Filippini et al., 2009). This involved quality assessment to reduce the impact of motion 

resting-state. fMRI time-series were examined using the ‘fsl_motion_outliers’ tool from FSL and 

measures of the frame-wise displacement (FD) and the temporal derivative of the root mean squared 

variance across voxels (DVARS) were generated for each volume in the time-series. Exclusions were 

made if a participant’s resting-state fMRI scan met one or more of the following criteria: 

● FD of >3 mm of any single volume in the 4D fMRI time-series. 

● Standard deviation (SD) of DVARS > 2*SD above the mean DVARS across all subjects. 

● >20 % of FD values were greater than 0.5 mm. 

Exclusions based on these criteria led to the removal of one subject from placebo arm (subject 12 

only). 

 Data processing and pre-processing of fMRI and resting-state data 

1. Conversion to NifTI and preparing structural data 
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DICOM to NifTI file conversion was performed by using dcm2nii. The NifTI files were then checked to 

ensure all were generated correctly. There were two task conditions Choice Reaction Time (CRT) or 

Working Memory (WM) on three occasions per subject in addition to ‘resting state.’ File command 

fslinfo/fslhd was used to check the correct number of volumes were present in each file. 

All T1 images were visually assessed in Fsl-view, to check all of the brains physically to make sure 

structural data for registration was complete. Fsl-view was also used to check left, right labels (l or r) 

and anterior (a), posterior (p) and superior (s) and inferior (i) labels. If the image requires rotation to 

correct its orientation, the fslswapdim command was used. 

2. Skull stripping structural images 

Skull stripping24 was performed as part of the segmentation and cortical reconstruction in the 

automated Freesurfer pipeline. Removal of skull and meninges from anatomical images is a crucial 

step because the accurate skull removed from the image in T1 is the baseline image the registration 

algorithm relies upon, i.e. what is left is the brain and only brain (bright structures such as eyeballs 

and bone if present can interfere with image registration). 

Values for parameters –R –f and –g were selected. The defaults specified below were chosen: 

● -R improves the robust estimation of the centre. BET starts in the centre of the brain and 

expands out in a tessellated sphere and stops at the boundary- it relies on accurate centre 

estimation for optimum results. 

● -f 0.5 is the fractional intensity threshold. -f 0.5 is the default setting, but smaller numbers 

provide larger brain outlines at the top of the brain. 

● -g is the vertical gradient in the fractional intensity threshold, and the default is 0. 

Then brain images were quality-assessed in fsl view to check they had all skull removed and no missing 

bits or extra bits like neck or eyes; orientation of the images was also rechecked. The resulting new 

files were named the same as T1 file but suffix brain to avoid confusion. 

 

 

 
24  No ideal illustrations of skull-stripping can be found in my own data set; however, the reader is referred to 

Andy Brain Blog for a clear example  
https://andysbrainbook.readthedocs.io/en/latest/FreeSurfer/FS_ShortCourse/FS_13_PialSurface.html 
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3. Preparing BOLD data 

3.1. Assessing motion is vital, especially in the elderly. The study age cut off was 65, and the 

MHE population do often have tremors and “liver flaps” or asterixis, they can also get 

agitated as they fatigue, resulting in movement artefact. Motion parameters were used as 

regressors. No additional motion scrubbing was performed. 

3.2. Orientation checking 

The orientation of BOLD brains were visually checked in all four permutations; R and L and 

S, and I. A correction was applied using fslswapdim command if needed. 

3.3. Framewise displacement 

For motion, the extent of framewise displacement (fd), a measure of how severe the 

movement artefact is, was checked. A value of 0.9 or better is recommended for task MRI 

(Siegel et al., 2014). The MCFLIRT tool in fsl was used with a mean displacement threshold 

of 0.5 mm. MCFLIRT is a motion correction tool that may be used after the FLIRT tool (linear 

registration tool, set to 12 DoF) was used for the initial registration of skull stripped images 

(skull stripping using Freesurfer). 

3.4. All file volumes were checked to ensure they contained task files of the right size length; in 

some cases, more than one run of a task was performed, i.e. if hand controls were dropped 

mid scan. In this case, the scanning notes in the CRF were checked. A file note was included 

against each subject visit in the study file at the time of scanning. In case of more than one 

run, the reason was recorded. Some runs had to be aborted, e.g. when the patient was not 

ready for the stimulus, or forgot the instructions or dropped a trigger. 

3.5. Quality assessment 

All the images were assessed for quality, visually final checking for orientation, ensuring that 

no part of the brain was missing. 

Registration and segmentation were performed using the automated Freesurfer pipeline. This was 

followed by first and second-level analysis performed by FEAT tool. 
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First Level Analysis 
The data was preprocessed with the lower-level FEAT tool from FSL. This involved motion correction, 

spatial smoothing25 with a Gaussian full width half maximum kernel size of 5 mm, high pass temporally 

filtering with a 60-second filter. 

This was followed by fitting to the General Linear Model (GLM) to each voxel in the brain; the model 

contained: 

1. a time course of the blocks of task events convolved with a canonical double-gamma 

haemodynamic response function (HRF) 

2. the temporal derivative of (i) to account for small individual and voxel-wise temporal variation 

in the HRF 

3. six motion time courses calculated by the motion correction in the preprocessing 

Post-hoc contrasts estimated positive and negative regression coefficients for the task time course. 

Second Level Analysis 
The data from the first level FEAT analyses were subsequently entered into a higher level GLM also 

with FEAT. This allowed estimation of average BOLD activity related to the task voxel-wise across all 

participants. In a higher level GLM, the two groups (LOLA and placebo at both visit 1 and visit 3) were 

contrasted to provide voxel-wise estimates of group differences. 

Whole-brain results were corrected for multiple comparisons using cluster correction following 

thresholding Z> 2.3. 

In addition, ROIs were calculated for each task based separately on voxels (surviving cluster correction) 

with either a task-positive or task-negative activity across the whole group; this resulted in a working 

memory ROI and a matched default mode network (DMN) for the working memory task and also a 

cognitive control network and matching DMN for the Choice Reaction Task. Subsequently, average 

activity within the ROI was calculated for each visit for each participant and the data imported into 

SPSS for further analysis. 

FEAT tool in further detail including screenshots of workflow 
The FEAT tool is a sub-tool of fsl. The toolbar is illustrated in Figure 3.8 below. 

 
25  fsl default smoothing settings were used. This was a semi-arbitrary decision and common and accepted 

practice within my lab group. 
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After FEAT tool is opened in fsl, Full level analysis was selected. The 4D data refers to the BOLD files. 

The output directory was set to ‘second CRT’. TR was set to 2.00. The high pass filter was set to 60 

seconds. 

The BET option was checked to extract brain on functional data. 

The smoothing kernel (should be half the size of the voxels) was set to 5 mm. Affine registration with 

12 DOF was selected as standard 

 

Figure 3.8. Screenshot of FEAT sub -tool. Showing options for inputting the 4D model 

First-level and Full analysis options were selected. 

High pass filtration allows removal of low-frequency noise. High pass filtration was manually set to 60 

seconds in the data tab. Later, in Pre stats tab, the high pass filter option was selected again, as this 

filters the data. Both the design and data have to be filtered. The TR should automatically become 2.0 

after the BOLD files uploaded. If incorrect, it should be manually changed; TR value corrections were 

not required. 

In Pre stats tab, BET was selected to skull strip the BOLD files (the previous skull stripping step was 

only applied to only structural files). Spatial Smoothing kernel was set to 5 mm (should be half the size 

of a voxel). High pass was selected under the temporal filtering option in order to generate the model. 
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In the Stats tab, the motion parameters were set to 6 using MCFLIRT. Double gamma HRF was also 

checked. In Post stats tab, the option ‘none’ for thresholding was selected. Time series plots were 

unchecked. On clicking run, the analysis then starts. It takes a long time on a laptop. Html FEAT 

Progress reports windows per scan were generated. This step was done for a few scans to check it was 

working correctly. This above described graphical user interface (GUI) method is a very slow labour-

intensive method of running the analysis. The first few subjects were initially run from an fsl installed 

laptop to check the output and pipeline. Then whole data set was sent to C3NL26 cluster, using a in 

house script code, to be analysed on the central computer cluster rather than a laptop with fsl 

software; this was a faster and more accurate method for data processing as it reduced the margin of 

error, inherent in processing each subject individually on a laptop. 

 

Figure 3.9. Screenshot of FEAT sub tool 

Image Registration was performed using Freesurfer automated pipeline. 

The initial structural image must be matched to the Mutual Normalised Information (MNI) template. 

The image was rotated if required, and the type of transformation selected. The parameters of the 

transformation were resampled from the original image. 

 
26 Computational, Cognitive and Clinical Imaging Laboratory.  
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Linear registration (very flexible and multi-parameter so need to regularise brain shape) rather than 

affine (faster, same brain shape preserved) was performed. 

In Registration Tab 
First the functional data was registered to the subject’s structural data using Brain-Based Registration 

(BBR). In the second step, the structural data were registered to the MNI template. 

Brain-Based Registration (BBR) 
The BBR is a linear transformation option in fsl with six DoF (as same subject images are used) and 

uses the white matter boundary of the structural image using FAST in fsl or Freesurfer, so the 

functional image is rotated until maximum contrast difference on the boundary. 

First Level Analysis 
Once the first-level analysis was complete, an html window was generated and opened for each 

subject (Figure 3.10). The first-level analysis was then checked, both visually27 and it was also checked 

that all the z stats were present and that the correct number of Z stat files are present in the cope 

(contrast of parameter estimate) and ‘varcope’ (variance estimate of contrast parameter) files (these 

are necessary for higher-level analysis). Also, the html log was checked for the appearance of any error 

messages. 

 
27  Visual checks included right left orientation and to ensure no errors of exclusion “no missing bits of cortex” 

or “holes”, and errors of inclusion to check no extra-cortical regions i.e. neck fat or eyeball had been mis-
registered and included as cortical tissue. 
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Figure 3.10. Screenshot of part of an HTML of first-level analysis. Top window, the first line of the figure 

shows the brain BOLD data, the red outline is the MNI template, the second line brain is the 

MNI template and outlining is the BOLD data. Middle window is the BOLD to subject 

structural. Bottom window subject is the structural to MNI template 

Setting up second-level analysis- getting the structural image in MNI space 
The second-level analysis was set for three levels, multiple subjects and multiple runs, i.e. three runs 

per subject. Second-level analysis averages runs within-subject. A template was required to be set up 

in fsl as before. 

FEAT tab of fsl higher level was selected instead of the first level. Inputs were from lower-level FEAT 

(or lower-level copes) — three inputs were selected for three runs. 

The ‘fixed effects’ option was selected in the Stats tab. Full Set-up of the model was selected with a 

set-up wizard. 

Under the GLM tab, ‘1’ was selected for the number of EVs. ‘1’ was selected for contrast and ‘0’ 

selected for f test, under the title option ‘group mean’ was selected. 

In the post effects tab, none was selected for thresholding option, and time series plots were 

unchecked. 
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Next, the higher-level FEAT log was opened to check for any errors. Two main summary images were 

created; the first is the sum of all input (Figure 3.11) and second is and identify missing mask voxels 

(Figure 3.12) are generated to check and identify missing mask voxels. 

Figure 3.11 shows the sum of all the input, i.e. mask from each run is summed up. The software takes 

the sum of each mask after transformation and adds them up. Yellow brains are desirable as red means 

missing data or voxels (fsl only uses complete sets of data)28. It was necessary to check that no brain 

pieces were missing. If a given voxel has only 1-2 runs, but there are meant to be three runs, data for 

that voxel will be ignored. 

 

Figure 3.11. Screenshot from the sum of input masks 

 
28  Missing data was treated as missing data, this resulted in discarding three brain scans for one subject 

entirely due to motion artefact. For future studies manual segmentation may reduce this effect.  
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Figure 3.12. Second summary image showing where only one mask is missing, but data are still usable. No 

colours should be over the brain, around the edges is acceptable as this is not the actual 

brain. 

The cope files were visually inspected in filtered functional data to check ortho views for normal 

brightness normal shaped brain. This part can be scripted using an in-house script29, so the analysis is 

run on the cluster remotely being much faster and more accurate than clicking through individual 

scans in the GUI. 

Group Analysis 
Open FEAT, GUI Higher level stats, the total number of inputs was selected (one subject three visits 

excluded, one subject one visit missing). However, 21 scans per time were done, i.e. seven subjects. 

In the Stats tab, ‘FLAME1’ was selected, then the full model set up option was selected. FLAME is a 

sophisticated method of modelling mixed-effects variances within fsl; it allows broader inferences to 

be made regarding the study population from activations seen in the results than if fixed effects 

modelling is used. 

 
29 See Statement of Attributions and Contributions 
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A one sample t-test was selected under Group-level analysis. The contrast level was set to 2, one to 

test mean>0 and another to test mean<0. 

In Post stats tab, for thresholding ‘cluster was selected ‘, the cluster p-threshold was set to 0.05 

(FLAME1). The ‘Go’ command ran the analysis. 

Distinct Task On and Task Off networks were identifiable both for CRT and WM for even task data for 

the first seven subjects to complete were looked at, this was irrespective of randomisation group. 

1. Totals across three time-points for seven patients 21 scans (Whole Group FEATS) 

2. By individual subject grouped FEAT for all three visits 

3. By each subject visit 

FEAT analysis of the first participants is shown below (n=7); all FEAT analysis was performed with 

corrections for multiple comparisons 

FMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL 

(FMRIB’s Software Library www.fmrib.ox.ac.uk/fsl). Z Normalised (T/F) statistic images were 

thresholded using clusters determined by Z>2.3 and a (corrected) cluster significance threshold of 

P=0.05. 

The Figures 3.13-3.17 below show some examples of The FEAT program generated web page analysis 

report, including colour activation images and time-course plots of data vs model. Red indicates areas 

of high activation. In each of the figures, the “task on” FEATs contain proportionally more red than 

the” task off” FEATs 
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Figure 3.13. Whole Group FEAT Choice Reaction Time Task on (CRT+) Analysis 

 

Figure 3.14. Whole Group FEAT Choice Reaction Time “Task off” (CRT-) Analysis 
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Figure 3.15. Whole Group FEAT Working Memory (WM) Task on (WM+) Analysis 

 

Figure 3.16. Whole Group FEAT Working Memory (WM) Task Off (WM+) Analysis 



167 

 

Figure 3.17. FEAT per Subject 6 visit 1, 2 and 3 CRT Task On (CRT+) right and (CRT-) left 

FMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL 

(FMRIB’s Software Library www.fmrib.ox.ac.uk/fsl) Z Normalised (T/F) statistic images were 

thresholded using clusters determined by Z>2.3 and a (corrected) cluster significance threshold of 

P=0.05 

 

Figure 3.18. FEAT per Subject 6 visit 1, 2 and 3 WM Task On (WM+) right and (WM-) left 
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Figure 3.19. FEAT Analysis by individual visit Subject 6 visit 2 data only WM task + top and WM- below 

Brain extraction, registration, and segmentation were performed using Freesurfer and first and second 

level analysis using FEAT. 

This generated a display group averages for both tasks for all 34 patients for all three visits (except 

visit 2 data which are missing for subject 1230). 

These results are robust for multiple comparison correction. Red shows increased activation for the 

task and blue deactivation. There are no significant differences between groups. 

Neurosynth.org is an online tool that has examined and pooled together thousands of fMRI papers 

and built various metanalyses; mapping out tasks and resting networks from smaller studies. 

Neurosyth.org was searched for the following terms i) “cognitive control” ii) working memory and iii) 

Default Mode Networks. This allowed me to project the described three data-independent networks 

on to my own data-set. 

 
30 Due to hospitalisation elsewhere this subject missed visit 2 altogether. 
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 Increased activation during task performance 
 
 Decreased activation during task performance 

Figure 3.20. Mean activation during WM and CRT task performance 

ROI analysis (Tables 1 and 2) were performed for each scan based on working memory meta-analysis 

data, one from cognitive control meta-analysis and one from the DMN. Each subject has a mean 

activation calculated for each task from each area. Six values per person per visit were calculated as 

described earlier. 

3.3 Data Processing of Proton Spectroscopy 

Three study locations were chosen. Voxel size: 10 mm x 10 mm x 35 mm. Data were obtained using a 

head coil. A 1H PRESS sequence with a short echo time (TR 8.6 ms, TE 40ms) was used to maximise 

the amount of information collected. 

MRS data were collected from 3 sites, i.e., three pairs of voxels at ACC, BG (thalamus) and left frontal 

WM at time points (0, 4 and 12 weeks) (Figure 3.21). A pair comprised a water suppressed and 

unsuppressed at each location. The Basal Ganglia is known to have increased blood flow in HE 

(Lockwood et al., 1991). It is also known to be a site of concentrated Alzeihmers type 2 neuronal 

degeneration in HE (Butterworth et al., 1987). The left BG voxel was chosen due to an observational 
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Brain MRS study of individuals with cirrhosis by my group, that showed increased Glx levels in basal 

ganglia when compared to healthy controls (Taylor-Robinson et al., 1994).  

The ACC is known to be crucial in processes of attention, Carter and group (Carter, 1998) have shown 

increasing fMRI activation of ACC when attention-demanding tasks are being performed. Binesh and 

colleagues (Binesh et al., 2005) were able to show a significant increase in Glx at this location with a 

significant decrease in ACC concentration of mI compared with healthy controls on proton MRS.  

Frontal white matter MRS changes have been previously demonstrated in studies of MHE by Sarma 

(Sarma et al., 2011) and Singhal (Singhal et al., 2010); who were both able to show decreasing mI and 

increasing Glx concentrations in this brain region. 

Voxels LFWM and ACC were also identified as ROIs in an HIV study that was running in parallel within 

the department. My voxels were all placed in the left while the COBRA study voxels were placed in the 

right hemisphere, please refer to supplementary data for MRS protocol (Cole et al., 2018a). 

Spectroscopy data were missing for subject 33 visit 1, and subject 12 only had two visits at time points 

0 and 12 weeks. The spectroscopy dicoms were converted to .rda files (see script) with six averages 

per scan visit. All spectra were reviewed at the time of acquisition from the control panel (Figure 3.22) 

and repeated if these appeared to be of poor quality at the end of scanning. 

 

Figure 3.21. Voxel positioning: these were manually positioned, and Spectroscopy scans repeated if they 

looked unsatisfactory at the time of acquisition. 

  

Voxel position: ACC Voxel position: LFWM Voxel position: Basal 
Ganglia 
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Figure 3.22. Screenshot of MR control panel during Left frontal Spectroscopy 

 Data Analysis and SPM 

SPM (version12) was used to generate masks of white and grey matter probability at these voxels. LC 

Model (version 6.3) (Provencher, 1993) was used for metabolite quantification applying internal water 

reference method, accounting for ROI and subject-specific contents of white matter, grey matter, and 

CSF. 

The LC Model equation for partial volume correction allows input of the following values (the 

alternative is to use a default value WCONC=35880.0): 

 

=
43300 + 35880 + 55556

1 −
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where: 

 represents the real NMR visible water concentration (in mM) within the voxel of interest 

(VOI) 

 represents the fraction of grey matter within the VOI 

 represents the fraction of white matter within the VOI 

 represents the fraction of cerebrospinal fluid within the VOI 

Using water as an internal standard is the most standardised approach. Christiansen et al. 

(Christiansen et al., 1993) recommended water as an internal standard as standard total brain water 

concentration is known and water variation is relatively small +/- 15% between health and illness and 

water signal can be accurately measured. Even if it is considered that water-variation with disease or 

age is too great, the signal detection of both the internal water and the metabolite signal are achieved 

under equal experimental conditions with the same radiofrequency, transmit time and reception 

sensitivity. The resultant concentration is calculated by a ratio of the two signals and is almost 

independent of these quantities. Robustness and speed of acquisition are reasons to choose this 

standardisation method (Zoelch et al., 2017). 

Only metabolites with Cramer-Rao bounds <20% were considered. Repeated measures analysis 

examined the relationships between time and group per metabolite per region; age was included as a 

covariate (SPSS version 25) these methods are similar to a previous study by Dr Violante Ribeiro 

(Violante et al., 2016). 

The physical location of the voxels was checked within Fsl-view for quality control for each scan for 

each participant. If voxels were not in the correct location, they were disregarded from further analysis 

Then LC-Model was used to produce a viewable spectrum and generated a comma-separated file (CSV) 

which can be read in Excel (see script). 

The generated spectra were then visually checked for validity. A spectrum was rejected if: 

1. residual, which should vary randomly, showed non-random variation 

2. baseline; this should be relatively straight, if not that spectrum may have to be rejected 

3. signal to noise (SNV) ratio was too high; SNV under six was deemed unacceptable 

4. standard deviation; if under 15% then LC Model is 95% confident that these metabolites are 

present despite variability, if 15%> LC Model is not confident that these metabolites are actually 

present due to too much variability. 
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Figure 3.23  shows a spectrum from the ACC region. 

 

Figure 3.23. Spectra acquired at ACC voxel for a final visit showing wandering baseline 
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Chapter 4 

Muscle Methods: Anthropometry, Nutritional Status  
and Untargeted Metabolic Profiling of Lateral Vastii 

4.1 Muscle Anthropometry and Power, Bedside Clinical Data 
Acquisition Methods 

 Apparatus 

● Skinfold callipers Tanita 

● Measuring Tape 

● Hydraulic hand-grip meter Model J00105 JAMAR Hydraulic Hand Dynamometer 

● Unobstructed Floor space length 25 metres length marked 

● Stopwatch with Lap Timer 

 Anthropometry Methods. Skinfolds 

At each study visit, the subject was weighed, their height was measured. In addition, two skinfold 

measurements were obtained: 

1. Triceps skin fold 

2. Biceps skin fold 

For accuracy, skinfold thickness is measured at precisely identified locations, usually on the non-

dominant of the body. The skinfold was lifted with thumb and index of my left hand and pinched. The 

measuring callipers were then applied 1 cm away from my fingers at the base of the fold. The callipers 

were held flat against the surface of the body, ensuring calliper tips were perpendicular to the lifted 

fold. 

These measurements were averaged, and the standard error of the mean was also calculated to 

measure the agreement of the values at each location. 

Triceps and biceps were selected. The other skin folds, subscapular and supra-iliac, were not 

measured. There is evidence to suggest that the MAMC and triceps or upper arm measurements are 
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the most reliable indicators of nutritional status in chronic liver disease (Morgan and Madden, 1996), 

(Madden and Morgan, 1994) due to difficulties in knowing the dry weight of these individuals, 

abdominal ascites, lower limb oedema and coexistent renal failure. Alberino and colleagues (Alberino 

et al., 2001) have demonstrated that body fat and muscle mass were evaluated by triceps skinfold 

thickness (TSF) and mid-arm muscle circumference (MAMC), and were included in the Child-Pugh 

score. This resulted in improved prognostic accuracy in predicting survival: MAMC was a better 

predictor of survival than TSF. These data demonstrate that malnutrition is an independent predictor 

of survival in patients with liver cirrhosis. 

The triceps fold was measured vertically on the posterior surface of the arm; it was identified as half 

the distance between the bony process of the shoulder or acromion and the olecranon or elbow. 

Measurements were performed in a standing position. The subjects’ arm position was relaxed, 

hanging by their side. The main reasons for inaccurate readings at this location have been attributed 

to an incorrect measurement of the halfway point (Ruiz et al., 1971). 

The triceps skinfold was measured as described in Ruiz’s paper seeking to reduce variation in this 

parameter (Ruiz et al., 1971). 

The biceps fold was measured at the anterior surface of the arm above the biceps muscle. This fold 

also runs vertically when the arm is relaxed with the palm facing forwards. 

 Anthropometry Methods. Correct technique for MAC measurement 

In addition, mid-arm muscle circumference (MAC) was also measured; however, this was limited to 

only one reading per visit31. 

MAC has been shown in several studies to be a more reproducible measure than skinfold 

measurements (Harries et al., 1985). The MAMC is a derived measurement and equal to the MAC 

minus the triceps thickness. 

 
31  Three repeat readings would have been ideal. Unfortunately protocol time constraints including only 120 

mins in Liver day Unit at St Marys where I had to (1) obtain all samples (muscle, blood and urine), (2) 
perform their initial processing and storage, (3) perform cognitive testing and (4) have a fixed MRI slot at 
lunch time in Hammersmith CIF for MRI scanning, as well as allow all patient time for lunch. All this meant 
repeated readings were unfeasible, as bed spaces were in constant use, as was the MRI scanner.  
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This study used MAC only (not MAMC) as measured according to the NIHR Southampton Biomedical 

Research procedure (BRC Standard operating procedure for making circumference measurements in 

adults, 2015) (Durkin, 2015):  

“the non-dominant side was measured, the subject stood in front of me. The subject 
was instructed to have their arms hanging by their sides with back to me. First, the tip 
of the shoulder or the acromion on the non-dominant side was identified and marked 
with a cross. The subject was instructed to flex arm to 90 degrees. The tip of the elbow 
or olecranon was identified and a second cross marked. A cloth tape measure was 
used to measure the vertical distance between the two crosses. The exact half-way 
point was marked and with the arm still flexed. Then the subject was asked to return 
the arm to hanging position“. 

 Upper limb power measurement: grip strength 

Upper limb muscle power was measured (in kg/force and pounds/force) in the non-dominant arm 

using a calibrated hydraulic hand-grip meter Model J00105 JAMAR Hydraulic Hand Dynamometer. A 

hydraulic system of grip strength was preferred as it was “portable, economical” and “large amount 

of normative data was available” (Roberts et al., 2011). 

The subject was asked to remain standing and to make three attempts. 

The method followed was per the modified Southampton SOP copied below. The modifications 

include: 

1. Specified forearm and leg position when seat and encouragement (Roberts et al., 2011). 

2. In the interests of time (already nine-hour study visit), only three measurements were taken 

from the non-dominant arm and not both arms, due to a 10% reported strength advantage if 

measurements are taken with the dominant arm (Fess, 1992).  

“The participant was asked to sit comfortably in a standard chair with legs, fixed 
armrests and back support. The same chair was used for each measurement. The 
subject rested their forearms on the arms of the chair with their wrist just over the 
end of the armrest—wrist in a neutral position, thumb facing upwards.  

Correct use the Jamar handgrip dynamometer was demonstrated by myself to show 
that gripping very tightly registers the best score. The subject confirmed which hand 
is non-dominant. The subject’s thumb was wrapped around one side of the handle, 
and the fingers are around the other side. The subject’s comfort when holding 
dynamometer was checked. The handle position may be altered, but for this study 
position, two was used for all subjects. I rested the base of the dynamometer on the 
palm of my hand, as the subject held the dynamometer. In supporting the weight of 
the dynamometer, the effect of gravity on peak strength is removed, but at the same 
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time, I ensured the movement of the device was not restricted. The participant was 
instructed to squeeze as long and as tightly as possible until the needle steadies. Once 
the needle stopped rising, the participant was instructed to relax. The grip strength 
was read in kilograms or pounds from the dial and then recorded to the result to the 
nearest kilogram or pound on the data entry form. Two further measurements were 
taken from the same side with a one-minute interval between readings. The best of 
the three measurements are used in statistical analyses. Handedness right, left or 
ambidextrous was recorded in the clinical research notes. Equipment: Model J00105 
JAMAR Hydraulic Hand Dynamometer.” 

 Limb power measurement: six-minute walk test (SMWT) 

The SMWT is written into the American Thoracic Society guidelines for assessing fitness in activities of 

daily living. Bittner and colleagues have demonstrated its utility as a valuable independent predictor 

of one–year morbidity and mortality in a study of 898 patients with heart failure (Bittner et al., 1993). 

This test superseded the more extended 12-minute walking test, which was taxing to perform and 

supervise Butland and group (Butland et al., 1982). 

A study of 117 healthy men and 173 women (aged 40 to 80 years), was used to generate gender-

specific regression equations from normative data which were capable of accounting for 40% of the 

variance in the distance walked for healthy adults. It was reported that 576 m was the median distance 

walked by the mean men and 494 m for the women (Enright and Sherrill, 1998). 

In my protocol, the patients were reminded in advance to wear comfortable footwear. The subject 

was instructed to walk back and forth in a straight line measuring 25 m and the total distance covered 

was recorded over six minutes. During the performance, the assessor (YP) was stationary, as assessors 

do not walk with the patient because even if the examiner walks behind the subject, it will result in 

altered pace. Additionally, all communication during this part of the protocol was standardised as any 

encouragement may artificially boost performance. 

The corridor length was marked with “start” and “stop” points, before study commencement with 

high-visibility washi tape. The laps were recorded with a lap counter. All subjects were exercised pre-

lower limb biopsy to avoid confounding effects of post-biopsy discomfort. 

 Muscle sample collection 

All muscle samples for this study were obtained by the chief investigator (YP) in the Liver Day Case 

Unit at St Mary’s. As it is an aseptic procedure, the assistance of at least one trained nurse familiar 

with the procedure was required. The samples were obtained following the Muscle biopsy Standard 

Operating Procedure (See Appendix 30), which was written by myself; the procedure methods are 
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presented below. Pilot testing and feasibility of this procedure as a day case were also completed by 

performing a muscle biopsy with the aid of five healthy volunteers. 

4.1.6.1 Muscle biopsy: Methods 

Apparatus 

● Stereo dissecting microscope 20x, 40x and 80x magnifications. Requires incident and 

transmitted lighting systems (am scope model se306-az) 

● Dissecting forceps iris 1:2 teeth x 3 (hillside medical) 

● Tilley Henckel ethmoid punches, bow handles .5 mm 114 mm (4 1/2) to shoulder 1 4 sc-

ent/138a (x4 to allow autoclaving) 

● Bonney forceps plain 18 cm x1 

● Clamp stand 

● Metal crucible 25 mL (VWR) 

● 3x glass Petri dishes 

● Protective gloves for handling liquid nitrogen 

● Large pouring ladle with a long handle at 90 degrees all stainless steel 

● Lidded stainless steel dewar (volume 600mls) 

● Origami cryo racks (VWR) 

● Cryopens (VWR) 

● -80 ֯C freezer and racks 

● Crucible tongs 

● Lab scalpel handle three-blade no. 3 

Chemicals 

● 500 mL of 2-methyl-butane 

● Optimal Cutting Temperature (O.C.T.) Compound Cryo Embedding Medium; 125ml x 5 (Sakura 

Tissue Tek) 

● Liquid nitrogen, large container kept on 10th floor and refilled daily (requirement per biopsy 

500mls approximately) 

● 2% Chloraprep sponge-tipped applicators 

● Pharmaceuticals 

○ 1% Lignocaine/adrenaline 20 mL vial x 100 (Imperial NHS Pharmacy) per biopsy requirement 

1-2 vials 

○ Normal/saline 10mL x100 (Imperial NHS Pharmacy) per biopsy requirement 1-2 vials 
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Other equipment (single use) 

● Sterile barrier adhesive aperture drape 75 x 90 cm 

● Gloves sterile 

● Standard sterile gown 

● Disposable scalpels size 11 (Swann-Morton) x 1 per procedure 

● Sterile swabs four-ply, 7.5 cm 

● Steri-strips 

● Tegaderm with window 6 x 7cm 

● 21G x 1.5” green needle (Terumo) 

● Standard suture pack 

● Cryogenic vials 15 mL x 75 (VWR) 

● Cryovials (Eppendorf tubes) 

● Flat cork 

● Filter paper 

● Tinfoil 

● Tissue paper one ply 

 Pre-procedure preparation 

The Cryopots and cryovials were pre-labelled, in advance. The cryovials required pre-cooling in liquid 

nitrogen due to comparatively larger volume of the 15 mL cryogenic vial in relation to sample size.  

Liquid nitrogen (500 mL) was transferred into stainless steel, 600 mL capacity dewar. Protective gloves 

and eyewear and lab coat were used. Decantation was performed in a well-ventilated area. A large 

pouring ladle with a long handle (stainless steel) at 90° - was used to fill dewar to 80 % of capacity. 

Dewar lid replaced and placed in fume-cupboard. 

Fifteen mL of 2-methyl-butane was poured into steel crucible with welded-on handle. 2-methyl-

butane was kept under the fume-hood. After removal of dewar lid, the crucible (which contained 2-

methyl-butane) was suspended immediately above liquid nitrogen via clamp stand. The 2-methyl-

butane was deemed cool enough for snap freezing once vaporisation ceased. Once the procedure was 

completed, 2-methyl-butane was poured back into the same bottle for re-use, as mounted samples 

were for histological processing and cryosection only. 
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 Procedure 

 

Figure 4.1. Schematic diagram of the muscle biopsy workflow. The additional steps in preparing a sample 

for histochemical analysis are shown. These samples are frozen not at the bedside within 30 

seconds of acquisition but in a solvent in the fume cupboard after correctly orientating and 

mounting.  

A diagram summarising the muscle biopsy procedure for histopathology is shown above in Figure 4.1 

Before the procedure start, it was ensured that pre-consented individuals were still providing 

informed consent for the procedure. Allergy status was rechecked especially to chlorhexidine, 

lignocaine and tegaderm. It was also clarified whether any changes to their anticoagulation status had 

occurred in between study visits. This included confirmation that no recent antiplatelet agent or 

anticoagulants had been ingested and that a recent32 clotting sample was available and INR <1.3 and 

platelet count is >70. 

 
32 From within the last 7 days 
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The patient was instructed to lie supine on the couch with the head-rest at 30°. A towel roll was under 

the left or right knee dependant on which side was non-dominant.  

Landmarks for obtaining a middle of the thigh lateral vastus biopsy were checked. These are just lateral 

to and 15 cm above the patella, an imaginary line from the ipsilateral anterior superior iliac spine to 

the ipsilateral patella. The patient was asked to lift their leg to elucidate the belly of the vastus lateralis 

muscle. 

Prominent superficial veins were avoided, and the non-dominant leg was marked. The area was 

cleaned with 2% chloraprep. The subcutaneous tissue was then infiltrated with 10 mL of 1% 

lignocaine/adrenaline combination, initially with an orange needle. Further, deeper infiltration of 

lignocaine/adrenaline solution deeper at right angles to the skin right down to and including the fascial 

layer was performed with a green needle. The degree of anaesthesia was checked with a green needle. 

Then the sterile field was prepared. After hands were rewashed, surgical gown and gloves were worn. 

A semi-adhesive sterile drape with an aperture was fitted over the marked area of interest. Further 

cleaning of the area was performed with a fresh chloraprep. A 10-20 mm incision was made while 

controlling any bleeding with sterile gauze. Next, the autoclaved Tilley Henckel forceps were 

introduced into the incision and twisted through the belly of the muscle. Muscle sample was obtained 

by closing forceps and withdrawing. This action was repeated 3-5 times with the fenestrations in the 

needle pointing at varying points on the clock face.  

If initial sampling was unsuccessful, then a dilatation of original superficial hole with Tilley Henckel 

forceps was performed attempting a further 10-20 mm incision in muscle fascia later controlling any 

bleeding with sterile gauze. See Figure 4.2 for incision wound appearance. 

Samples designated for metabolomics/proteomics (not histology/cryosection), were washed in saline 

and promptly presented to an assistant, who placed them in the appropriate cryovial and immediately 

put in the liquid nitrogen dewar, within 30 seconds of sampling (this is termed ‘dry’ snap freezing). 

The wound was them stretched out and straightened. Steri-strips were placed over it and covered 

with a rolled gauze followed with tegaderm. This allowed the application of ongoing gentle pressure 

to wound site. Patients were advised to cover steri-strips when showering by applying tegaderm, 

which was supplied for the following week after which the steri strips fell off of their own accord. 



182 

 

Figure 4.2. Wound site appearance immediately post-biopsy, photograph with patient’s permission; this 

subject had two separate incisions for two samples. 

 Sample Preprocessing: the Snap-freezing method 

Muscle fibres are far too delicate to be frozen directly in liquid nitrogen: this may lead to large holes 

within the sample. Metabolomic samples were ‘dry’ snap-frozen within 30 seconds straight into a 

cryotube and then liquid nitrogen, as described above, without need for a solvent.  

For histology and cryosection, it is still important to freeze samples quickly. However, in order to 

minimise histological artefactual damage, and increase cryosection surface area to make sectioning 

viable snap freezing in a solvent is required. The technique of snap-freezing using a solvent, cooled 

above liquid nitrogen, is described in some detail. See Figure 4.3. Owing to the minimal trauma, but 

consequently minimal muscle yield from the non-suction technique described above, similarly 

orientated fibres are trimmed and bundled together whether possible to allow adequate surface area 

for satisfactory sectioning of tissue and subsequent examination and further analysis, post-thawing. 
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Figure 4.3. The Snap Freezing Process. This schematic illustrates how the metabolomic muscle tissue is 

instantly frozen without solvent at the bedside, to arrest further metabolic activity (fibre 

inspection and orientation are irrelevant to these specimens) and priority is the speed of 

freezing. However, the histology samples are first inspected under a microscope (see earlier 

figure), correctly mounted, and then the muscle specimen is frozen in a solvent, priority is the 

yield of suitably orientated fibres prepared for frozen section. 

The 25 mL steel crucible (with welded on long steel handle) containing 20 mL of 2-methyl butane is 

fixed securely 2-3 cm above 700 mL steel dewar containing liquid nitrogen via clamp stand. The pre-

cooled pre-labelled large cryovials are kept nearby. 

Three to four pieces of 3-4 mm wide x 40 mm and a larger 20 x 20 mm piece one-ply strips of tissue 

paper strips are arranged on a glass Petri dish; these are pre-dampened with saline to prevent muscle 

tissue from drying out. Four to five pre-cut strips of foil, again 3-4 mm x 40 mm long, were kept aside 

in a separate Petri dish for wrapping frozen, reorientated and mounted (histochemistry samples) 

before placing in cryovials, this was for sample protection when stored in the freezer.  

Two to three pieces of cork were pre-labelled with the patient number and week number, i.e. 0, 4 or 

12 weeks. All muscle tissue was placed on damp tissue paper under a dissecting microscope using both 

transmitted and incident illumination on the dissecting microscope. Tissue was manipulated with a 

pair of fine forceps so that the direction of orientation of the muscle fibres is clear. Refer to Figure 4.4 

for an example. The best quality end of the biopsy was positioned cranially. The crushed, ragged or 
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otherwise the inferior-end of the biopsy was placed caudally (as once cork-mounted this will be lost 

to analysis). 

 

Figure 4.4. Dissecting microscope view of muscle fibres. Orientations: various. Fragmentation: variable. 

This view shows how the orientation of muscle fibres can be variable even in a single biopsy 

sample and illustrates the need to tease apart larger sample to re-orientate crossing fibres in 

a single direction. 

If muscle pieces were found to be 2 x 3 mm at the point, they were removed from the patient. If all 

fibres were pointing the same way, they were mounted directly on to the unlabelled side of cork by 

placing a 5 pence piece-sized drop of OCT compound (Sakura Tissue-Tek) on to the cork. The tissue 

was arranged so that samples were oriented at 90° to the cork with the most undisturbed and intact 

tissues pointing upwards. If this was not the case, and many smaller fragments were obtained (smaller 

than 2 x 3 mm), or if fibre orientation was multi-directional or even unclear within a larger sample, the 

sample was trimmed and re-orientated. Conversely, an extremely long and thin piece while correctly 

orientated would be prone to fracture-damage by virtue of its length. In all the above cases, shorter 

sections of fibre were combined in bundles, and “sushi-rolled” with a 3 x 40 mm strip of saline 

dampened tissue (make sure 1 ply tissue by removing one-ply prior to starting) to maximise tissue 

yield at point of histological examination. 

The correct orientation of fibres in all fragments, with the “best tissue” cranially (caudal part of the 

sample may be lost to examination following cork mounting) was checked under the microscope. Air 

from the “roll” was expelled by wrapping tissue around the fibre without any slack using fine tissue 

forceps. To prevent ice crystal artefact formation, tissue wrapping did not exceed above 1.5 times 

around the sample. Then the sample was mounted as described in Figure 4.5. 
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If a sample consisted of a rolled bundle of collections of fragments (due to trimmed size or 

orientation), it was ensured each roll did not have too much vertical height to avoid instability of 

mounting, freezing and subsequently microtoming processes. This risk of fracture or fall-off mount 

during the snap-freezing process itself also risks total sample loss, potentially due to heat or crush 

damage, or nitrogen immersion damage on attempted retrieval, which is impossible to perform 

quickly given the volume of solvent it is suspended in. Short fat samples were aimed for as ideal. 

 

Figure 4.5. Sushi Rolling. This refers to the process of combining several smaller samples in the same 

orientation to achieve a cross-section great enough to allow an adequate area for cryosection. 

If the yield is of a large naturally occurring well-orientated fibre bundle, this additional sushi 

rolling step is not required. 

Once solvent was cooled to extent 2-methyl butane was no longer vaporising, and the cork with 

mounted muscle was plunged face-down into the solvent; the weight of forceps was used to keep 

sample submerged for at least 90 seconds. The OCT changed colour from colourless to white once 

frozen. The cork-mounted samples were loosely wrapped in foil (100 x 70 mm piece) and rolled 

carefully only touching foil edges to avoid the potential risk of thermal degradation of muscle sample. 

Samples were stored in 15 mL cryovials within the -80 ֯C freezer in origami cryo-boxes, which have 

been pre-labelled within the appropriate rack. 

 Post-procedure Advice 

The patient was advised to remain supine for at least 30 minutes post-sampling, and observe for pain 

or bleeding. Tilley Henckel forceps were placed in the autoclaving bag and delivered to main theatres 

for autoclaving. 
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 Potential complications management 

Muscle biopsy sites may be slightly uncomfortable post-procedure, but not painful. Bleeding or pain 

post-muscle biopsy is very rare. No post-procedure bleeding occurred in my cohort. 

If any significant bleeding is seen post-biopsy, superficial dressings should be removed, and the wound 

inspected. Firm pressure should be applied to the wound over a sterile rolled gauze held over it for 5-

10 minutes. The wound should then be reassessed for bleeding resolution.  

In the event of severe pain or rapid swelling of biopsied limb evolving after 30 minutes, which did not 

occur in my study, my protocol recommended that pedal pulses should be checked and Doppler 

ultrasound of lower limb arranged, pain killers should be administered, the medical registrar on call 

should be informed, and the patient should be observed until a clear ultrasound scan is obtained. If 

the pain does not respond to analgesics, vascular registrar review should be arranged. 

 Potential hazards 

While this is a safe procedure, care must be taken concerning needlestick injury to the researcher, 

which should be dealt with in accordance with the local needle stick policy. 

Only a small quantity (500 mL) of liquid nitrogen was required for this procedure kept on the 

workbench and did not represent a significant risk for vaporisation, but contact with liquid nitrogen 

itself can also cause freeze burns. Care was taken to decant liquid nitrogen safely from the large vat, 

using personal protective equipment and using a long-handled ladle in a well-ventilated area. Once 

dewar was full, the lid was firmly applied before transporting to the bench. 

Forceps were used to submerge tissue into cooled 2-methyl butane and to add or remove small 

cryotubes, and larger cork mounted samples. 2-methyl butane is flammable but was stored in the 

fume-hood.  

4.2 Untargeted metabolic profiling methods for muscle analysis 

 Metabolite extraction 

4.2.1.1 Equipment and material 

● Weighing balance (Sartorius) 

● Fume hood for Class 2 material preparation 

● Centrifuge (Eppendorf 5417R) 

● Precellys Bead beater (Stretton Scientific) 
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● 105 muscle specimens stored at -80⁰C 

● Refrigerator for thawing specimens and refrigerating solvents 

● 105 x 3 Eppendorf tubes for sample preparation plus 20 tubes for blanks conical bottom 1.5/2 

mL for samples 

● 2x 10-15 mL glass bottles for collecting residual solvent between extractions 

● Zirconium beads 1 mm 

● LCMS grade methanol (MeOH, Honeywell) (100 mL) 

● LCMS grade methyl tert-butyl ether (MTBE, 300 mL) 

○ MTBE/MeOH (3:1) solution (400 mL) 

● Dry ice 

● Concentrator/Speed vacuum (Eppendorf) 

● LC-MS grade water (Fisher) (200 mL) 

● LCMS grade MeOH (200 mL) 

○ Water/MeOH (1:1) solution (400 mL) 

Samples were prepared for UPLC-MS analysis as per the venous tissue extraction protocol described 

by Anwar et al. (Anwar et al., 2015), refer to Figure 4.6. Before extraction, muscle samples were 

randomised using Microsoft Excel (RAND command) to avoid the run order effects affecting the data 

analysis, and randomised samples numbered sequentially. 
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Figure 4.6. Workflow outlining sample processing for a single sample. This was an extremely lengthy, 

multi-step procedure. Each original sample underwent two cycles of bead-beating with each 

of the solvents, so a total of four times. Aqueous extracts were dried down in the speed-vac 

overnight whereas the organic extracts were left to air-dry in a fume hood. The overall rate-

limiting step was the number of samples that could be processed by a single-speed vac 

overnight, adding another 12 hours to preparation time. 
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4.2.1.2 Organic extraction 

Muscle samples were thawed in batches due to bead-beater maximum capacity (11 samples at a time), 

weighed and placed in pre-labelled Eppendorf tubes numbered from 1-105, plus 20 blanks. In each 

batch, a 12th tube was used to prepare a blank control sample, in order to determine if contaminants 

were introduced during the extraction protocol. 

Extraction of lipids was performed by adding 1 mL of refrigerated MTBE/MeOH (3:1) to each 

Eppendorf tube. A capful of zirconium beads was added to each sample, and the caps were securely 

closed. The samples were then loaded into a Precellys Bead-Beater and shacked for 40 seconds (using 

Programme 1 parameters selected 6500-1X40-015). Following this homogenisation cycle, samples 

were cooled on dry ice for five minutes, and the homogenisation-cooling cycle repeated once more. 

After two cycles of bead-beating, the cooled samples were then centrifuged at 4°C for 20 minutes at 

17 949 g. 

750 µL of the supernatant was then pipetted into a fresh pre-labelled Eppendorf tube (identified by 

sample number, and extraction type: organic) that was kept at room temperature. 

The original sample tubes with tissue pellets were kept on ice post-removal of the first aliquot of 

supernatant. To increase metabolite recovery, another mL of MTBE/MeOH (3:1) solvent mixture was 

added to the tissue pellet. Bead-beating was performed twice as before with the sample cooling for 5 

minutes on dry ice in between cycles. Samples were then centrifuged, and 750 µL of the resulting 

supernatant was aliquoted into the Eppendorf tubes already containing 750 µL (total volume of 

combined organic supernatant 1.5 mL). 

Organic extracts were uncapped and left at room temperature overnight in a fume-hood to allow 

solvent evaporation. After overnight solvent evaporation, the dried organic extracts were stored at -

80°C until reconstitution before UPLC-MS analysis (lipidomics). 

The residual solvent remaining in each of original Eppendorfs after organic extraction was removed 

into a glass tube. This step is to avoid contaminating the aqueous extraction step, as MTBE is not 

water-miscible. The original samples with the tissue pellets were kept cold on dry ice. 

4.2.1.3 Aqueous extraction 

For the aqueous extraction, 1 mL of refrigerated water/MeOH (1:1) solution was added to the tissue 

pellet cooled samples (now containing minimal organic solvent residue). Bead beating was performed 

using Programme 1 for 40 seconds. Following this homogenisation cycle, samples were cooled on dry 
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ice for five minutes, and the homogenisation-cooling cycle repeated once more. After two cycles of 

beat beating, the samples were centrifuged at 4°C for 20 minutes, maximum speed (17 949 g). 

750 µL of supernatant was pipetted into a fresh pre-labelled Eppendorf tube (identified by sample 

number, and extraction type: aqueous). The aqueous extracts were kept at room temperature, and 

the original samples were kept on ice. A further one mL of refrigerated water/MeOH (1:1) solution 

was added to the original sample, and the above bead-beating steps were repeated to increase 

metabolite recovery. Another 750 µL of aqueous supernatant was aliquoted and added to the existing 

tissue aqueous extracts. The samples were then loaded into the Speed Vacuum uncapped to dry 

overnight (parameters were set to 45°C “∞ ON 45 V-AQ”). The samples were removed as soon as the 

solvent had evaporated off, and a pellet or dry residue was left. After solvent evaporation, the aqueous 

tissue extracts were stored at -80°C for reconstitution before UPLC-MS analysis (HILIC). 

 Reconstitution of frozen extracts 

4.2.2.1 Equipment and material 

● 105 x frozen organic extracts + 20 x blanks 

● 105 x frozen aqueous extracts + 20 x blanks 

● Vortex (SciQuip) 

● Sonic bath (Grant) 

● Centrifuge (Eppendorf 5417R) 

● 125 x 2 LCMS certified clear glass screw neck vials (Waters) 

● 125 x 2 deactivated glass inserts (Waters) 

● Organic extracts (lipidomics): 

○ LCMS grade isopropanol (IPA, Honeywell) (25 mL) 

○ LCMS grade acetonitrile (ACN, Honeywell) (12.5 mL) 

○ LCMS grade water (Fisher) (12.5 mL) 

○ Reconstitution solution IPA/ACN/water (2:1:1) (50 mL) 

● Aqueous extracts (HILIC): 

○ LCMS grade ACN (47.5 mL) 

○ LCMS grade water (2.5 mL) 

○ Reconstitution solution ACN/water (95:5) (50 mL) 

Dried organic extracts were reconstituted in 250 µL IPA/ACN/water (2:1:1) for lipid profiling. Dried 

aqueous extracts were reconstituted in 200 µL of ACN/water (95:5) for HILIC analysis. 
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Samples were vortexed for one minute, then sonicated for five minutes, and then vortexed for one 

further minute to ensure total metabolite recovery. This was followed by centrifugation at 4°C for 

eight minutes at 17949 g. 100 µL of the supernatant was then transferred to the UPLC-MS vials, and 

50 µL were used to produce a quality control (QC) sample. 

 Sample analysis 

4.2.3.1 Equipment and material 

● Mobile phases preparation: 

○ LCMS grade IPA (Fisher) 

○ LC-MS grade water (Honeywell) 

○ LCMS grade acetonitrile (Honeywell) 

○ LCMS ammonium formate (Sigma-Aldrich) 

○ LCMS ammonium acetate (Sigma-Aldrich) 

○ LCMS formic acid (Sigma-Aldrich) 

○ Sonic bath (Grant) 

○ Weighing balance (Sartorius) 

● Other reagents: 

○ Sodium formate (10 ng/uL in 90:10 IPA/ water solution) for MS instrument calibration 

○ Leucine encephalin (555.2692 Da calculated monoisotopic molecular weight) at 

concentration of 200pg/uL (in ACN/water 1:1) for mass correction 

● Columns: 

○ Lipid analysis: Acquity UPLC CSH C18 Column 1.7 µm, 2.1 mm x 100 mm (Waters) 

○ HILIC analysis: ACQUITY UPLC BEH HILIC Column, 1.7 µm, 2.1 mm x 100 mm (Waters) 

● Instruments: 

○ Acquity UPLC system (Waters Ltd, Elstree, UK) 

○ XEVO G2 QTof Mass Spectrometer (Waters MS Technologies Ltd, Manchester, UK) for HILIC 

analysis) 

○ Q-ToF Premier Mass Spectrometer (Waters MS Technologies Ltd, Manchester, UK) for 

lipidomics 

4.2.3.2 UPLC-MS experimental parameters 

Chromatographic separations were performed on Acquity UPLC systems (Waters Ltd, Elstree, UK) 

equipped with a binary solvent manager, a sample manager and a column heater. 
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Data were collected in centroid mode (m/z 50-1200). For mass accuracy, leucine enkephalin was used 

as a lock mass33: lock mass scans were collected every 30 seconds and averaged over three scans to 

perform the mass correction. Instrument calibration was performed using sodium formate before 

each ESI mode. 

At the start of each acquisition, 10 conditioning QC injections were performed to equilibrate the 

system. QC samples were run periodically after 10 sample injections to monitor instrument 

performance. Data-dependent acquisition (DDA) and MSE analysis of the QC sample was performed 

to obtain MSMS information (fragmentation pattern) for metabolite annotation. Blank samples were 

run after the samples were acquired. 

UPLC conditions for lipid analysis were as previously described (Vorkas et al., 2015) and derived from 

preceding Waters applications (Isaac et al., 2011). Briefly, mobile phase A) consisted of ACN/water 

(60:40) and mobile phase B) IPA/ACN (90:10), both containing 10 mM ammonium formate and 0.1% 

(v/v) formic acid. The elution gradient was set as follows: 60−57% A (0.0−2.0 min), 57−50% A (2.0−2.1 

min; curve 1), 50−46% A (2.1−12.0 min), 46−30% A (12.0−12.1 min; curve 1), 30−1% A (12.1−18 min), 

1−60% A (18.0−18.1 min), 60% A (18.1− 20.0 min). The flow rate was set to 0.4 mL/min. An Acquity 

HSS CSH column was used maintained at 55oC. Injection volume was 5 µL and 15 µL for positive and 

negative modes, respectively (Vorkas, 2018) . 

For lipid profiling, tandem time of flight (TOF) MS was performed in a Q-ToF Premier mass 

spectrometer using an electrospray (ESI) ion source operated in both positive (ESI+) and negative (ESI-

). ESI conditions were as follows: source temperature 120oC, desolvation temperature 400oC, cone gas 

flow 25 L/h, desolvation gas 800L/h, capillary voltage for ESI- 2500 V, for ESI+ 3000 V, cone voltage 25 

V for ESI- and 30V for ESI+. Figure 4.7 shows the chromatograms of the QC sample analysed by the 

lipid assay in both ESI+ and ESI-. The different lipid classes elute in different regions of the 

chromatogram (the more apolar the molecule is, the bigger retention time will have). Several lipid 

classes will only ionise in one of the polarities: free fatty acids (FFA) and phospatidyl serines (PS) were 

only detected in negative ion mode whereas diacylglycerol (DG), cholesteryl esters (CE) and 

triglycerides (TG) were seen the positive one.  

 
33 The lock mass is a defined compound (leucine enkephaline) that is used in MS analysis to correct the m/z 

values and assure mass accuracy. It is infused in the ion source at the same time as the sample, without 
being added to the sample or the LC column itself. 
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Figure 4.7. Base peak intensity (BPI) chromatograms of the QC muscle sample in both ion modes in the lipid 

profiling assay. Retention time areas where some of the lipid classes are roughly eluting have 

been included (FFA, free fatty acids; TG, triacylglycerols; PC, phosphatidylcholines; PE, 

phosphatidylethanolamines; PG, phosphatidylglycerols; PS, phosphatidylserines; PI, 

phosphatidylinositols; SM, sphingomyelins; CE, cholesterol esters) 

UPLC conditions for HILIC analysis were as previously described (Spagou et al., 2011). Briefly, mobile 

phase A) consisted of ACN/water (95:5) and mobile phase B) ACN/water (50:50), both containing 10 

mM ammonium acetate and 0.1% (v/v) formic acid. The elution gradient was set as follows: starting 

conditions 99.0% A for 1.0 min, changing linearly to 100% B over the next 11.0 min, after which the 

solvent composition returned to starting conditions over 0.1 min, followed by re-equilibration for 4 

min before the next injection. The flow rate was set to 0.4 mL/min. An Acquity BEH HILIC column was 

used maintained at 40oC. Injection volume was 5 µL and 10 µL for positive and negative modes, 

respectively. 

For HILIC profiling, tandem time of flight (TOF) MS was performed in a Q-ToF XEVO G2 mass 

spectrometer using an electrospray (ESI) ion source operated in both ESI+ and ESI-. ESI conditions were 

as follows: source temperature 120oC, desolvation temperature 600oC, cone gas flow 50 L/h, 

desolvation gas 950L/h, capillary voltage 1.5 kV and cone voltage 30 V. Figure 4.8 shows the 
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chromatograms of the QC sample analysed by the HILIC assay in both ESI+ and ESI-, showing how 

metabolites ionise preferably in one or another ion polarity.  

 

Figure 4.8. BPI chromatograms of the QC muscle sample in both ion modes in the HILIC analysis 

 Data pre-processing 

4.2.4.1 Equipment and material 

● MassLynx v 4.1 (Waters) 

● Microsoft Excel 

● R v3.3.2 software 

○ XCMS package 

○ R in house developed Script BentoBox (parameters modified to match each of the UPLC-MS 

assays) 
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Figure 4.9. Untargeted metabolic profiling of lateral vastii data workflow. The six main stages of data pre-

processing are identified. Finally, the data can be exported into a .csv file that is analysed using 

SIMCA.  

All the UPLC-MS raw data was converted to NetCDF format using Databridge (within Masslynx 

software from Waters) for its subsequent processing. Once the parameters have been selected and 

modified in the R script, data was processed in the XCMS package within R. The XCMS script34 used 

was developed within the group of Computational and Systems Medicine at Imperial College London 

and compiles the necessary algorithms to pre-process the UPLC-MS data acquired. ‘xcmsSet’ is a 

function that finds peaks in batch mode, stores them and provides methods for grouping and aligning 

those peaks. 

 
34  Refer to Statement of Attributions 
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● Several peak pickers exist in XCMS, and ‘find peaks’ is the generic method. The algorithm chosen 

for peak detection was ‘centWave’ as this is most suitable for high-resolution data in centroid 

mode. It performs feature detection based on peak density and wavelet, and it is capable of 

detecting close-by-peaks and also overlapping peaks. 

● After peak identification, peaks representing the same analyte across samples must be placed 

into groups. The grouping method used is called ‘group’ and the algorithms is the ‘density’-

based approach, which allows grouping of peaks together across samples using overlapping m/z 

bins and calculates smoothed peak distributions in chromatographic time. 

● After the peak grouping, there will be peak groups missing peaks from some of the samples 

because (i) they were missing during peak identification or (ii) an analyte was not present in a 

sample. Those missing data points can have an intensity value (as some statistical method may 

struggle with many cero datapoints) by rereading the raw data files and integrating the regions 

using the ‘fillPeaks’ method. 

4.2.4.2 Optimisation of R script parameters for HILIC ESI-. 

In order to process the muscle HILIC and lipidomics data, the parameters used in the script needed to 

be adjusted so that the ‘centWave’ and ‘group’ algorithms can understand what a peak is (defining 

peak shape, m/z accuracy, noise levels) in each sample, and in the dataset as a whole, for each of the 

different types of chromatography and MS conditions used. To optimise the parameters, the raw data 

(as directly acquired in the instrument) were looked at in MassLynx. HILIC ESI- assay is shown below 

as an example of the required optimisation process for each assay. 

1. Retention time shift: Determining how much the retention time changes or shifts across the 

whole run by overlying the QC sample chromatograms (Figure 4.10). 
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Figure 4.10. Chromatographic shift observed overlying the BPI chromatograms of QC01, QC04, QC08 and 

QC12 in HILIC ESI- e.g. 0.049mins x 60 =0.294 seconds 

2. Setting noise levels: A flat area of the chromatogram was selected and  the MS spectra of that 

region was examined to determine the background noise levels. Figure 4.11 exemplifies the 

setting of noise thresholds. 

 

Figure 4.11. BPI chromatograms of QC01 and MS spectrum at 7.1 minutes. The amplification of m/z range 

400-1200 shows that it is unlikely that any metabolite signal will be present below an intensity 

of 350 counts. Therefore, anything below that threshold will be considered background noise 

and filtered out from the data 
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3. Mass errors in parts per million (ppm): determining the tolerated m/z deviation in consecutive 

scans, in ppm. Note that the measurement of the mass error of the instrument (3-5 ppm) is 

different from the scan-to-scan error. A larger ppm scan-to-scan error was selected in the script 

so that the software did not miss any point when defining a peak. Figure 4.12 shows the effect 

of increasing the ppm error in the extracted ion chromatogram of a compound of 124.006 m/z. 

In the case of coeluting compounds with similar m/z values, the ppm value cannot be too 

elevated either, thus needs to be checked by extracting different m/z values from the 

chromatogram. 

 

Figure 4.12. Extracted ion chromatogram (EIC) of m/z 124.006 at different m/z scan-to-scan deviations 

ranging from 5 to 50 ppm. When a large ppm error is selected, the EIC is not missing any scan 

from, but as the ppm value decreases, the peak misses more scans (especially apparent in 10 

and 5 ppm). 

4. Pre-filter parameter: A peak is defined by the number of scans (i.e. points) and its intensity. In 

Figure 4.13, the extracted ion chromatograms of two different m/z values are shown specifying 

the intensity and number of scans of those peaks. The thresholds selected for HILIC ESI- were 

the following: minimum of 6 points per peak and intensity of 800 counts, this was based on 

looking at the different peaks in the chromatogram, 
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Figure4.13. EIC of two of the smallest peaks observed in the BPI. The intensity and number of scans of 

those peaks are well above of the filtering criteria assuring that if peaks are coeluting with 

bigger ones, they will still be detected by the XCMS algorithm. 

5. Peak width: These are the minimum and maximum peak widths observed of the peaks in the 

chromatogram, measured in seconds. In this case the narrowest peak observed was 0.086 

minutes (x 60 seconds/minute = 5.1 seconds) and the broadest one 0.25 minutes x 60 

seconds/minute = 15 seconds). The final range selected for the peak picking algorithm was (2, 

15) to avoid missing any smaller peaks. 

6. Signal to noise (s/n): This parameter is dependent on the mass spectrometer. Set at 10. 
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7. ‘MinFrac’ Filter: this represents the minimum fraction of samples necessary in at least one of 

the sample groups for it to be a valid group. (Neumann, n.d.)35. It is used by the density 

algorithm to group the same peak across samples. The value was set as 0.5 (i.e. if a feature is 

present in at least 50% of a specific group of samples (defined by the biological question) it is 

kept as a feature, but if it is present in less than 50% of the samples, it will be filtered out XCMS 

generated a file in .csv format for each of the assays performed containing details of each peak 

picked (m/z, retention time and intensity) for each variable in every sample. 

 

 These files were opened in Excel for further processing: 

 Normalisation is used to remove sources of systematic variation between samples due to 

factors that are not related to biological processes, such as sample weight or variation in 

instrument detector sensitivity, in order to ensure that spectra are comparable across runs. 

The normalisation technique used here was to adjust peak intensities between samples 

using each sample’s weight. 

 Filtering by the coefficient of variation (CV) of each feature in the QC sample, to keep only 

those features that are reliably measured by the UPLC-MS platform. Features with a CV > 

30% are eliminated from the dataset. 

 

4.2.4.3 Data Analysis  

Equipment and material. SIMCA v 14.1 (Umetrics) 
The generated files (.csv), comprising m/z, retention time and intensity for each feature in every 

sample, were then imported into SIMCA-P for multivariate analysis: modelling using Principle 

Component Analysis (PCA) and Orthogonal Projection to Latent Structures Discriminant Analysis 

(OPLS-DA). 

Primary and secondary variables were assigned. The scaling was set to Pareto (Pareto scaling is in 

between no scaling and UV scaling, giving the variables a variance equal to its standard deviation). 

PCA was performed to visualise any inherent clustering (groups, similarities or patterns in the data) 

and to identify possible outliers. The scores plot summarises how the observations are situated with 

respect to each other: the first component (PC1) explains the maximum variation of the space, 

followed by the second component (PC2). In the two-dimensional score plot (PC1 vs PC2), the software 

 
35 Please refer to The R manual Group.density function 

http://www.rdocumentation.org/packages/xcms/versions/1.48.0/topics/group.density 
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draws the tolerance ellipse based on Hotelling’s T2. Those observations that are outside the ellipse 

are considered outliers. 

The summary of fit plots shows the cumulative R2 and Q2. The R2 value gives a measure of goodness-

of-fit or the amount of variability explained by the model. A cross-validated Q2 statistic (leave-one-out 

algorithm) is the quantitative measure of the model predictability of new data. Thus, a good model 

will need both R2 and Q2 to be high. 

OPLS-DA was performed to maximise class differences between week 1 and week 12 samples while 

minimising variability unrelated to class. The R2 and Q2 values are also crucial in this model. Negative 

values indicate that the generated model is not valid. A large difference between them might indicate 

model over-fitting. Once the OPLS-DA model is validated, the loadings plot can be used to find which 

are the features responsible for the observed differences in the data. 
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Chapter 5 

Results of Screening and Recruitment, Demography,  
Drug Compliance, Patient Self-report of Effects,  

Side Effects and SF36 

5.1 Screening Outcomes 

The results of the screening of 102 eligible subjects are summarised in the schematic below (Figure 

5.1). 

 

Figure 5.1. This a schematic of the screening process and identifies details of recruitment rates and 

drop-out rates. 
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5.2 Exceptions to defined study procedure 

The following exceptions occurred; all protocol deviations Table 5.1 were notified in writing to the 

trials’ office. 

Table 5.1. Notifiable Protocol Deviations. I notified all in-person to the joint research office. 

Subject Nature of deviation 

1 Visit two at five weeks 

3 Additional skull x-ray required before v1 scan 

6 Visit two at five weeks 

10 Missing visit two as hospitalised elsewhere for five weeks 

11 Visit 3: 11 weeks 

17 Visit 2: 5 weeks 

38 Tested positive for alcohol-excluded 

39 Tested positive for alcohol-excluded 

15, 16 Scanned three days and one day later than rest of visit2 to scanner failure 

25 Warfarinised mid-study so lacking biopsies visit 2 and 3 

 

5.3 Compliance with therapy 

There was no difference in percentage compliance between groups as measured by a two-tailed t-

test, p =0.100, values shown for LOLA Group Table 5.2 and Placebo Group Table 5.3. 

Table 5.2. Compliance with IMP in LOLA Group 

LOLA 

grey denotes drop-outs) compliance (%) 

1 75.39 

2 96.82 

3 98.81 

4 96.43 

6 93.65 

36  - 

11 90.48 

13 99.6 

14 87.5 
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LOLA 

grey denotes drop-outs) compliance (%) 

21 96.03 

38  - 

23 91.67 

39  - 

25 98.01 

28 92.06 

30 85.32 

32 75.79 

Mean (%) 91.25428571 

Table 5.3. Compliance with IMP in the Placebo Group 

Placebo 

(grey denotes drop-outs) compliance (%) 

35   

5 92.46 

7 91.67 

8 91.67 

37   

9 97.22 

10 96.83 

12 90.95 

15 99.6 

16 98.81 

17 90.08 

18 97.62 

19 98.09 

20 99.6 

22 99.21 

24 93.25 

26 96.83 

27 94.05 

29 93.33 

31 94.84 

33 85.60 
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Placebo 

(grey denotes drop-outs) compliance (%) 

34 91.67 

    

Mean (%) 86.06 

5.4 Other medications 

In an ideal world, subjects would not be taking any other medication apart from IMP, but given all 

participants were symptomatic from their liver disease, many of these with other comorbidities, this 

was not the case. Most were on a combination of other drugs (Table 5.4; Figure 5.2). Care was taken 

to avoid subjects with intercurrent sepsis, but in one case one subject was on long-term Penicillin post-

splenectomy several years ago, and another two participants were on long-term SBP prophylaxis for 

many years. Subjects on benzodiazepines were actively excluded after screening. 

One subject from each group under ‘opioid pain killer’ category was on long-term several years of low 

dose methadone replacement therapy (in the second group one patient in this category was on PRN 

dihydro-codeine). Atypical pain-killers included gabapentin, pregabalin and at a low dose, <10 mg, 

Amitriptyline. 

One subject was on long-term hydrocortisone for adrenal insufficiency in LOLA Group. Another LOLA 

Group participant had to be warfarinised mid-trial for a portal vein thrombosis, and so underwent only 

the primary biopsy. 

Table 5.4. Other concurrent medications 

Drug Class 

LOLA 

(n=14) Placebo (n=20) 

Antibiotics 1* 2 

Beta-Blockers 8 7 

Lactulose 1 3 

Proton Pump Inhibitors 9 5 

Antidepressants 1 4 

Anticonvulsants 1 0 

Atypical (non-opioid painkillers) 3 3 

Typical (opioid painkillers) 2 1 

Diuretics 6 4 
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Drug Class 

LOLA 

(n=14) Placebo (n=20) 

hydrocortisone 1§ 0 

Oral hypoglycaemics 3 0 

sc Insulin 0 1 

no medications 0 4 

*post-splenectomy prophylaxis     

§ long term adrenal insufficiency  
  

 

 

 

Figure 5.2. Bar chart of concurrent medication intake by group LOLA (red) and Placebo (blue) 

Fischer’s exact test was performed comparing the relative numbers of participants on PPI vs no PPI in 

each group; this was significant on a two-tailed test p=0.018. 

The same test was repeated on anti-depressants vs no antidepressants; there was not found to be any 

significant difference (p=0.628) between groups. 
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5.5 Important Baseline characteristics 

 Education and lifestyle 

Education and lifestyle factors are known to be important in psychometry. This includes the PHES test, 

where education has been shown to be predictive of performance by many researchers in different 

populations with HE (Weissenborn et al 2001.,) (Romero-Gomes et al 2006.,) (Amodio et al 2008.,) 

Duarte-Rojo et al 2011). Table 5.5 summarises information regarding the primary language or L1, years 

of schooling, higher education, and whether or not this education was completed in the UK. Weekly 

alcohol consumption and ethnicity are also recorded as this data was required for interpreting the 

PHES test in light of UK normative data. 
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Table 5.5. Key educational and lifestyle characteristics of the two groups. T-testing shows no significant 

baseline differences 

Group Age male female aetiology 
educ 
level 

UK 
education 

English 
=L1 ethnicity 

weekly 
alcohol 
(units) 

LOLA 42 1 0 alcohol 14 1 1 w 0 

LOLA 62 1 0 alcohol 20 0 0 i 0 

LOLA 63 1 0 alcohol 12 1 1 w 0 

LOLA 64 0 1 alcohol 10 1 1 w 0 

LOLA 63 1 0 alcohol 12 1 1 w 0 

LOLA 55 1 0 PSC 13 1 0 i 0 

LOLA 55 1 0 HCV 18 0 0 w 1 

LOLA 52 1 0 alcohol 13 1 0 i 0 

LOLA 52 0 1 HCV 15 1 1 w 5 

LOLA 47 0 1 alcohol 11 1 1 w 0 

LOLA 62 1 0 alcohol 10 0 0 w 0 

LOLA 57 0 1 AIH 12 1 1 w 0 

LOLA 62 0 1 HCV 12 1 1 w 3 

LOLA 60 1 0 HCV 15 0 0 b 3 

Percentage   64%       71.40% 57% 71%   

mean 56.86   
 

  13.36     
 

0.86 

Placebo 61 1 0 alcohol 17 1 1 w 0 

Placebo 50 1 0 alcohol 10 1 1 w 0 

Placebo 49 1 0 alcohol 12 1 1 w 0 

Placebo 54 0 1 NAFLD 17 0 0 b 0 

Placebo 50 0 1 alcohol/HC
V 

17 0 0 w 0 

Placebo 50 1 0 alcohol 15 1 1 w 0 

Placebo 60 1 0 alcohol 10 1 1 w 0 

Placebo 49 1 0 alcohol 11 1 1 w 0 

Placebo 58 1 0 NAFLD 19 1 1 w 0 

Placebo 59 1 0 alcohol 16 1 1 w 0 

Placebo 47 1 0 alcohol 13 0 0 i 0 

Placebo 65 0 1 HCV 18 1 1 w 0 

Placebo 64 0 1 HCV 12 1 1 w 0 
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Group Age male female aetiology 
educ 
level 

UK 
education 

English 
=L1 ethnicity 

weekly 
alcohol 
(units) 

Placebo 65 1 0 cryptog 13 1 1 w 0 

Placebo 54 1 0 HCV 10 1 1 w 8 

Placebo 50 0 1 HCV 19 0 0 w 0 

Placebo 64 0 1 HCV 10 1 1 w 0 

Placebo 56 1 0 HCV 10 0 0 w 3 

Placebo 40 1 0 HCV 10 0 0 w 4 

Placebo 60 1 0 HCV 15 0 0 w 0 

Percentage   63%       59% 59% 90% 0.75 

mean 50.2 14.0 
 

  12.45     
 

0.68 

                    

T-TEST 

p-value 

0.51       0.76       0.87 

 

There were no significant differences in ages between LOLA arm mean age [range], 56.86 [42-64] and 

Placebo arm mean age 50.23 [40-65] at recruitment. 

The LOLA Group contained n=9 males, forming 64% of Group 1 participants, while the Placebo Group 

contained n= 14 males, forming 63% of total group 2 volunteers. 

The number of participants in each group were unequal. Twenty-two subjects were initially 

randomised to receive placebo of which two subjects dropped out, leaving 20 subjects completed 

subjects in the placebo arm. Seventeen were randomised to LOLA arm, with three of those 

discontinuing the study (two for active recidivism). The final number of participants in each group (14 

in the LOLA arm and 20 in the Placebo arm) were only known approximately six months after last 

patient last visit completion in this triple blinded study, with neither the investigators, dispensing 

research pharmacist, or Merz Pharmaceuticals aware of randomisation, which was achieved with 

sealed envelopes. At the time of sample preparation for initial statistical analysis, subjects were only 

known as Group 1 and Group 2.  

The educational level reflected years in the formal study since the age of five; again, no significant 

differences were identified.  
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While the aetiologies of liver disease in each group were present in varying proportions (see Figure 

5.3 and Figure 5.4 for Pie charts depicting this), the majority of the subjects have either alcohol or HCV 

as the main causal factor in both arms of the study. The inclusion criteria include all causes of cirrhosis.  

Weekly alcohol consumption in either group was not significantly different (Table 5.5). 

 

Figure 5.3. LOLA arm: Aetiology of Cirrhosis in volunteers 

 

Figure 5.4. Placebo arm: Aetiology of Cirrhosis in volunteers 
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 PHES scores, WTAR, Stroop and SF36 

Tables 5.6 and 5.7 examine baseline differences in PHES scores, WTAR, Stroop and quality of life 

measure SF36. The only significant baseline cognitive difference was in the first component of the 

Stroop test, for which LOLA (Group 1) appeared to take significantly longer to complete the task mean 

[range] 48.74 [35.3-61.58] than the Placebo (Group 2) mean [range] 42.9 [34.78-61.4], on two-tailed 

t-test p value=0.027. 

In the performance of correction for English PHES, a transformation was applied to raw PHES scores; 

Table 5.6 final column, demonstrates the more permissive definition of impairment according to 

English PHES, as all those tested and included in the study by definition were minimally impaired on 

the PHES Europ with a score of -4 or worse. 

Table 5.6. Baseline (European) PHES raw screening scores by subtest, and UK correction in the final 

column where 0 = no impairment and 1=impairment 

Group subject no 
LT-
Mod DS NCTA NCTB SD LT 

Eng 

PHES-Z 

Eng 

PHES 

Ab 

LOLA 1 36 40.8 79 76 98 43 -2.1326 1 

LOLA 2 34 47 127 98 278 2 -1.26902 0 

LOLA 3 48 33 66 76 145 15 -0.12156 0 

LOLA 4 29 58 110 124 474 9 -2.058 1 

LOLA 6 30 45 106 155 126 24 -2.06001 1 

LOLA 11 49 35 67 82 139 7 0.12384 0 

LOLA 13 40 35 74 90 92 52 -1.577 0 

LOLA 14 40 61 148 62 98 37 -1.4539 0 

LOLA 21 53 28 119 101 122 24 -1.54167 0 

LOLA 23 54 38.6 76 73 106 11 -0.77627 0 

LOLA 25 29 69.7 145 49.5 157.24 12 -1.08772 0 

LOLA 28 47 27 75 71 88 76 -0.79081 0 

LOLA 30 45 25 146.13 59.75 112 12 -0.24946 0 

LOLA 32 39 47 191 76 263 8 -0.3082 0 

mean   37.5 43.9 135 76 180.5 25.5 -1.2204   

Placebo 5 51 37 108 94 293 5 -1.19 0 

Placebo 7 30 37 140 86 154 16 -1.9523 0 

Placebo 8 27 48 134 108 132 26 -2.64989 1 
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Group subject no 
LT-
Mod DS NCTA NCTB SD LT 

Eng 

PHES-Z 

Eng 

PHES 

Ab 

Placebo 18 37 22 98 66 100 63 -0.56122 0 

Placebo 19 37 44 146 59 141 10 -1.77189 0 

Placebo 20 22 49 311 114 390 30 -4.01991 1 

Placebo 21 44 17 68 106 220 20 -1.06778 0 

Placebo 22 49 32 64 83 123 11 -0.66816 0 

Placebo 23 17 30 99 120 128 23 -2.67376 1 

Placebo 24 32 68 152 112 158 23 -2.36812 1 

Placebo 25 30 55 115 79 154 9 -1.19234 0 

Placebo 26 68 42 180 60 110 7 0.04595 0 

Placebo 27 55 53 137 59 113 6 -0.09716 0 

Placebo 28 42 48 60.3 81 118 6 0.03022 0 

Placebo 29 53 58 45 45 59 39 -0.02394 0 

Placebo 30 48 42 126.46 85.42 112.59 2 -0.9132 0 

Placebo 31 58 46 66.63 61 120.7 34 0.44432 0 

Placebo 32 42 39 87 84.55 91 18 -0.5366 0 

Placebo 33 46 21 73 39 73 31 0.19715 0 

Placebo 34 39 39 58 77 102 23 -0.28748 0 

mean   45 38 83 85.5 197.5 14 -0.73874   

T-TEST   0.915 0.862 0.819 0.628 0.539 0.560 0.933 0.922 
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Table 5.7. BaseLine Stroop (DKEFS) and SF-36 Scores Visit 1 , No significant differences were seen on any of the baseline cognitive characteristics on t-testing 

   
Colour Word Inhibition tests/Stroop visit 1 
transformed Z scores Short Form-36 Health Questionnaire Visit 1 scores transformed scales (%) 

Subject Group WTAR 
Colour 
Naming 

Word 
Reading  Inhibition 

Inhibition+ 
Switching 

Physical 
Functioning 

Physica
l Role 

Bodily 
Pain 

General 
Health Vitality 

Social 
functioning 

Emotional 
Role 

Mental 
health 

1 LOLA 110 35.30 26.80 31.70 11.60 60 50 62 24 60 62.5 100 88 

2 LOLA 110 48.00 43.00 27.00 -12.00 55 100 74  50 62.5 100 84 

3 LOLA 97 39.00 14.80 14.30 5.50 90 50 51 61.6 55 75 100 92 

4 LOLA 111 55.20 40.20 52.80 18.00 45 75 41 37.6 30 50 33 60 

6 LOLA 120 55.05 33.60 12.95 -12.10 65 50 72 61.6 65 100 100 88 

11 LOLA 108 42.07 49.60 41.05 -1.88 90 100 62 37.6 70 62.5 100 100 

13 LOLA 113 50.80 21.69 9.14 -7.35 90 75 74 21.6 65 62.5 33 76 

14 LOLA 115 50.96 41.85 41.51 5.46 100 100 84 61.6 85 100 100 100 

21 LOLA 110 61.58 21.52 42.02 27.84 35 0 31 8.0 15 12.5 0 52 

23 LOLA 101 47.18 30.92 33.47 11.43 50 25 52 16.0 35 50 0 36 

25 LOLA 92 52.94 50.57 24.35 -22.43 40 100 100 52.0 75 87.5 67 88 

28 LOLA 108 53.07 28.74 49.10 30.43 30 0 52 20 10 37.5 0 48 

30 LOLA 92 43.70 20.20 10.56 0.12 90 100 100 29.6 55 62.5 100 64 

32 LOLA 97 47.47 35.57 34.47 0.28 85 0 84 57.6 68 75 100 72 

 Mean 
LOLA 

106.0 48.74 32.79 30.32 3.92 66.07 58.93 67.07 37.60 52.68 64.29 66.66 74.86 

5 Placebo 120 37.40 9.70 14.20 11.10  100 100 80.0 95 100 100 92 

7 Placebo 53 61.40 27.70 37.82 31.22 75 100 51 49.6 55 75 100 64 

8 Placebo 76 48.96 32.94 34.27 12.35 20 0 22 4.0 35 13 0 44 
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Colour Word Inhibition tests/Stroop visit 1 
transformed Z scores Short Form-36 Health Questionnaire Visit 1 scores transformed scales (%) 

Subject Group WTAR 
Colour 
Naming 

Word 
Reading  Inhibition 

Inhibition+ 
Switching 

Physical 
Functioning 

Physica
l Role 

Bodily 
Pain 

General 
Health Vitality 

Social 
functioning 

Emotional 
Role 

Mental 
health 

9 Placebo 113 41.83 49.51 30.18 -15.00 60 75 61 45.6 65 75 67 72 

10 Placebo 101 44.75 49.69 42.25 -3.19 20 75 31 20.0 40 13 100 44 

12 Placebo 120 48.18 40.92 55.24 17.64 85 100 74 29.4 75 100 100 100 

15 Placebo 85 48.47 53.57 25.63 -21.23 85 50 100 29.6 55 50 100 88 

16 Placebo 113 37.82 41.94 12.77 -18.87 95 100 100 73.6 70 100 100 88 

17 Placebo 108 43.19 23.61 36.82 21.52 15 0 0 12.0 0 0 0 0 

18 Placebo 117 53.34 43.07 27.04 -5.63 40 50 52 28.0 50 50 0 72 

19 Placebo 90 44.54 40.74 43.71 6.05 10 0 52 12.0 35 63 0 92 

20 Placebo 119 32.76 28.40 16.42 -5.70 65 0 52 37.6 45 50 0 56 

22 Placebo 119 30.34 22.87 22.86 6.05 95 75 100 49.6 55 75 67 72 

24 Placebo 123 37.87 27.29 35.14 15.88 75 100 62 53.6 45 88 100 80 

26 Placebo 119 42.22 20.68 -1.12 -12.60 95 100 84 61.6 75 100 100 84 

27 Placebo 113 38.89 18.67 15.61 1.61 100 100 100 69.6 80 100 100 80 

29 Placebo 104 45.21 24.12 18.24 2.03 20 75 100 49.6 50 63 67 52 

31 Placebo 96 46.84 32.21 88.16 62.31 80 100 74 53.6 65 100 100 84 

33 Placebo 99 39.91 6.45 10.22 11.66 80 25 0 28.0 25 13 0 44 

34 Placebo 113 34.78 22.94 52.61 32.59 100 75 100 41.6 85 100 100 100 

 Mean 
Placebo 

105.05 42.94 30.85 30.90 7.49 63.95 65.00 65.75 41.43 55.00 66.25 65.00 70.40 

TTEST p-value 0.856 0.027 0.655 0.925 0.577 0.838 0.662 0.897 0.603 0.768 0.854 0.915 0.580 
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 Baseline clinical, biochemical and nutritional markers 

The stage of clinical liver disease at the start of the study is shown in Table 5.8 below. Varices had 

been identified on electronic endoscopic records in 57% of Group 1 within the last three-year period 

and in 55% of Group 2. Seventy-one per cent of LOLA vs 55% of Placebo had histological evidence of 

cirrhosis, in the form of either a biopsy performed at St Mary’s or receipt of a histological block from 

the transferring hospital and an addendum report from St Mary’s. All subjects in each group had a 

recent USS within the last six months confirming radiological evidence of cirrhosis. 
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Table 5.8. Baseline clinical, biochemical and nutritional markers by Group. No significant baseline differences were seen on t-test at baseline. 

Group m=1 

v1 
Bilirubin 
(mg) 

v1 
venous 
ammonia 

v1 
Childs-
Pugh 

v1 
UKELD 

v1 
6MMWT 

v1 grip 
strength 
(kg) BMI 

low dose 
methadone 
mls 

hx of 
depression/ 
anxiety diabetes varices 

histol 
cirrhosis 

uss 
cirrhosis 

LOLA 1 14 50 5 47.19 600 34.67 22.07 0 0 0 1 0 1 

LOLA 1 24 68 6 50.51 450 23 23.63 0 0 1 1 1 1 

LOLA 1 7 42 5 43.7 750 38.33 31.8 0 0 0 1 0 1 

LOLA 0 7 20 6 44.1 375 8.333 22.89 10 0 0 0 1 1 

LOLA 1 18 93 8 48.71 450 14.33 31.37 0 0 0 1 0 1 

LOLA 1 22 39 6 48.25 525 27.34 21.43 0 0 1 1 1 1 

LOLA 1 21 76 7 48.13 700 24.34 30.3 0 0 0 0 1 1 

LOLA 1 45 71 8 52.01 750 38 29.47 0 0 0 1 1 1 

LOLA 0 14 18 5 44.43 600 26.46 38.97 10 1 1 1 1 1 

LOLA 0 8 34 6 46.64 775 15.34 27.81 0 0 1 0 0 1 

LOLA 1 12 48 7 50.86 700 25 21.58 0 0 0 1 1 1 

LOLA 0 19 31 6 42.44 480 9.83 26.35 0 0 0 0 1 1 

LOLA 0 17 33 5 44.07 680 19.63 18.43 0 0 0 0 1 1 

LOLA 1 10 31 5 42.14 680 18.47 21.53 0 0 0 0 1 1 

mean 
or % 

  17 46.714 6.071 46.656 608.214 23.077 26.259 0.14% 0.07% 0.28 57% 71.40% 100% 

Placebo m=1 

v1 
Bilirubin 
(mg) 

v1venous 
ammonia 

v1 
Childs-
Pugh 

v1 
UKELD 

v1 
6MMWT 

v1 grip 
strength 
(kg) BMI 

low dose 
methadone 
mls 

hx of 
depression 
or anxiety diabetes varices 

histol 
cirrhosis 

uss 
cirrhosis 

Placebo 1 20 65 5 45.41 600 23 28.78 0 0 0 1 0 1 

Placebo 1 9 58 5 43.23 700 29.33 24.16 0 0 0 1 0 1 
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Group m=1 

v1 
Bilirubin 
(mg) 

v1 
venous 
ammonia 

v1 
Childs-
Pugh 

v1 
UKELD 

v1 
6MMWT 

v1 grip 
strength 
(kg) BMI 

low dose 
methadone 
mls 

hx of 
depression/ 
anxiety diabetes varices 

histol 
cirrhosis 

uss 
cirrhosis 

Placebo 1 23 98 7 45.34 350 28 28.28 0 0 0 0 1 1 

Placebo 0 7 26 5 41.9 700 18.67 31.05 0 1 1 0 1 1 

Placebo 0 39 54 8 52.94 200 16.34 21.78 0 0 0 0 1 1 

Placebo 1 102 72 10 59.05 775 31.67 24.79 0 0 0 0 1 1 

Placebo 1 53 69 8 52.96 600 17 28.65 0 0 0 1 1 1 

Placebo 1 21 35 5 46.13 625 35.34 24.35 0 0 0 1 1 1 

Placebo 1 16 59 6 47.5 525 22 29.87 0 1 1 1 0 1 

Placebo 1 48 67 7 48.7 575 18 34.84 0 0 0 1 0 1 

Placebo 1 37 40 9 51.22 1025 33.34 26.91 0 0 0 1 0 1 

Placebo 0 13 44 5 43.84 850 16.67 35.16 0 0 0 1 1 1 

Placebo 0 6 17 5 40.33 875 18.14 32.05 0 0 0 0 0 1 

Placebo 1 22 78 5 45 875 39.34 25.08 0 0 0 1 1 1 

Placebo 1 5 35 5 39.19 580 28.34 26.62 0 0 0 0 1 1 

Placebo 0 20 40 5 44.64 780 24.94 21.43 0 0 0 0 0 1 

Placebo 0 9 50 5 42.91 640 20.4 25.57 0 1 0 0 0 1 

Placebo 1 12 54 6 43.81 600 47.62 37.5 0 0 0 0 1 1 

Placebo 1 6 34 5 41.21 860 43.08 32.42 0 0 0 1 1 1 

Placebo 1 18 89 6 46 760 41.72 26.58 0 0 0 1 0 1 

mean 
or % 

  24.3 54.2 6.1 46.0655 674.75 27.647 28.2935 0% 0.15% 0.1 55% 55% 100% 

T-TEST   0.273 0.327 0.953 0.695 0.267 0.186 0.248 0.086 0.499 0.172 0.905 0.347   
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LOLA Group had a mean UKELD score [range] = 46.65[42.14-52.01] and Placebo Group mean UKELD 

score [range] =46.07[39.19-59.05]. The LOLA Group had a mean Child-Pugh score 6.07 [ 5-8], and in 

the Placebo Group mean 6.1 [5-10]. There was a trend towards higher mean ammonia in the untreated 

Placebo Group at baseline 54.2 vs 46.71 in the LOLA-arm, but this was not statistically significant. 

Mean BMI in the LOLA group was 26.25 [21.43- 38.97] compared to mean BMI 28.29 [21.43- 37.5] in 

the Placebo Group. 

Placebo Group showed a slightly better baseline muscle function with mean a 6MWT performance 

674.75 m [200-1075] vs 608.21 m [375-775] and Grip strength 27.65 Kg/F [17-47.62] vs 23.08 Kg/F 

[8.33-38.33], but neither effect was statistically significant. 

The critical baseline group characteristics are shown in Table 5.9 

Table 5.9. Summary of essential group characteristics at baseline 

  LOLA n=14 Placebo=20 

% compliance 91.3 86.1 

Age (mean) 56.83 50.23 

Male:Female (%) 64:36 63:37 

Aetiology: alcohol 57% 41% 

Aetiology: HCV 29% 41% 

Child-Pugh 6.07 6.1 

UKELD 46.7 46.1 

Years of Full-time education 13.4 12.5 

L1= English % 57 59 

Ethnicity % (w) 71 82 

Body Mass Index 26.3 28.3 

Weekly alcohol intake (units) 0.86 0.87 

 

 Statistical Differences at Baseline 

No statistically significant differences were present at baseline, except Stroop CWIT1 performance, 

where the LOLA Group took significantly longer to complete this task mean [range] 48.74 [35.3-61.58] 

than Placebo group mean [range] 42.9 [34.78-61.4], on two-tailed t-test p value=0.0270. 
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PPI usage using Fischer’s exact test compared relative numbers of participants on PPI vs no PPI in each 

group; this was significant on a two-tailed test p=0.018, with significantly more subjects in LOLA arm 

using PPI, compared to Placebo Group. 

5.6 SF 36 HRQOL Data 

Data checked for normality and the Physical Function and Bodily Pain domains, showed non-

parametric data distribution and were accordingly explored using Mann Whitney testing; there were 

no significant differences found (Table 5.10). There were also no significant differences in the change 

in HRQOL SF 36 scores (Table 5.11). 

When considering the difference in Physical Function scores in LOLA and Placebo groups, ranks were 

20.71 and 15.25; the distributions in the two groups did not vary significantly (MWU = 95, n1=14 

n2=20, p=0.120, two-tailed).  

When considering the difference in Bodily Pain scores in LOLA and Placebo groups, ranks were 19.93 

and 15.80; the distributions in the two groups did not vary significantly (MWU = 106, n1=14 n2=20, 

p=0.245, two-tailed).  

Table 5.10. Mann Whitney Tests of difference in scores V3-v1 for the domains Physical Function and 

Bodily Pain, showing no significant differences between groups. 

Domain Ranks P-value u-value 

Physical Function  LOLA 20.71 

Placebo 15.25 

0.120 95.0 

Bodily Pain LOLA 19.93 

Placebo 15.80 

0.245 106.0 

 

Table 5.11. Group Differences in SF 36 HRQOL results (visit3-visit1). A scale of scores 0-100 were used for 

each subject. Drop-outs were excluded. Grey boxes show missing data points. 

GROUP 

Phy 
Funct diff 
v3-v1 

Role 
Physical 
diff v3-v1 

Bodily Pain 
diff v3-v1 

Gen 
Health 
diff v3-v1 

Vitality 
diff v3-
v1 

Social 
Funct diff 
v3-v1 

Emotion
al diff v3-
v1 

Mental 
Health diff 
v3-v1 

LOLA 25 25 -21 -12 -15 0 -33.33 -12 

LOLA 30 0 26   10 25 0 -44 

LOLA 0 50 0 4 15 25 0 8 
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GROUP 

Phy 
Funct diff 
v3-v1 

Role 
Physical 
diff v3-v1 

Bodily Pain 
diff v3-v1 

Gen 
Health 
diff v3-v1 

Vitality 
diff v3-
v1 

Social 
Funct diff 
v3-v1 

Emotion
al diff v3-
v1 

Mental 
Health diff 
v3-v1 

LOLA 55 25 59 42.4 65 50 66.67 16 

LOLA 10 50 -21 -12 -15 -37.5 -33.33 -28 

LOLA 5 0 22 12 -10 25 0 -4 

LOLA 5 25 10 28 5 37.5 66.67 16 

LOLA -25 0 0 -12 -15 0 0 -12 

LOLA 40 25 11 21.6 35 62.5 100 28 

LOLA 30 -25 10 37.6 10 37.5 100 36 

LOLA 50 0 -16 5.6 -10 0 33.33 -4 

LOLA   75 28 37.6 30 -12.5 66.67 -4 

LOLA -15 -25 -38 4 -5 25 -33.33 0 

LOLA -35 0 -43 -21.6 -22.5 -12.5 -100 -20 

Placebo   -50 -26 -18.4 -25 0 0 -4 

Placebo -50 0 -20 -12 -5 -50 -33.33 -12 

Placebo 45 75 9 33.6 15 62.5 100 28 

Placebo -30 25 -39 -33.6 -45 -50 -33.34 -40 

Placebo 70 0 59 29.6 20 75 0 56 

Placebo 5 -100 0 -3.8 -20 -12.5 0 -20 

Placebo 15 50 -16 48 15 50 0 4 

Placebo -85 -100 -100 -65.6 -10 -100 -100 -28 

Placebo 10 0 22   10 37.5 0 84 

Placebo 15 -50 -11 -16 -30 25 0 16 

Placebo 60 0 -11 24 -10 -12.5 0 -36 

Placebo   25 -11 -13.6 -5 -12.5   0 

Placebo 40 25 11 21.6 35 62.5 100 28 

Placebo -25 -75 -38 -20 -10 -12.5 -66.67 -20 

Placebo 5 0 16 8 5 0 0 -16 

Placebo -65 -100 -59 -49.6 -70 -75 -100 -40 

Placebo 65 0 -48 -16 -10 0 -33.33 8 

Placebo -65 -25 0 12 0 -37.5 -33.33 -12 

Placebo -60 75 100 21.6 60 87.5 100 56 

Placebo -30 -25 -38 16 -45 -37.5 -33.33 -20 
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The following box plots display the mean change in each of the sub-domains of the SF-36 

questionnaire. Figures 5.5-5.11 suggest a general trend towards improvement with LOLA on SF-36 

mean difference scores in all domains compared to placebo except in mental health (Figure 5.12) 

domain. To reiterate, the maximal possible score is 100 and minimum is 0, which mean the ‘y’ axes 

does not have units but represents the numerical difference in scores only and could range from -100-

+100 theoretically. On formal comparison of means (change in scores) testing a significant 

improvement was found in the Vitality and energy domains. See Table 5.12 below. Mean 

improvement with LOLA 5.536 vs -6.250 Placebo, difference of means -11.79, SE 5.45, 95% confidence 

interval -22.875- -0.6945, t-statistic -2.164, DF 32, p=0.038. 

However, no significant differences were present when independent samples t-test was performed 

on each individual difference score per subtest. 

 

Figure 5.5. Box plots of mean change in Score Physical Function LOLA (red) vs Placebo (blue). 

Comparison of means t-test (32) = -1.29, p=0.215 
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Figure 5.6. Box plots of mean change in Score Role Physical LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = -1.82, p=0.079 

 

 

Figure 5.7. Box plots of mean change in Score Bodily Pain LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = -0.92, p=0.365 
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Figure 5.8. Box plots of mean change in General Health Perceptions LOLA (red) vs Placebo (blue). 

Comparison of means t-test (32) = -1.35, p=0.185 

 

 

Figure 5.9. Box plots of mean change in Vitality/Energy LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = -2.16, p=0.038. * denotes a significant difference in means. 
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Figure 5.10. Box plots of mean change in Social Function LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = -1.07, p=0.242 

 

 

Figure 5.11. Box plots of mean change in Role Emotional LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = -1.20, p=0.240 
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Figure 5.12. Box plots of mean change in Mental Health LOLA (red) vs Placebo (blue). Comparison of 

means t-test (32) = 0.32, p=0.750. 

Table 5.12. T-test of differences and mean differences, for each domain of SF-36. 

 

Phy Funct 
diff v3-v1 

Role 
Physical diff 
v3-v1 

Bodily Pain 
diff v3-v1 

GenHealth 
diff v3-v1 

Vitality 
diff v3-v1 

Social Funct 
diff v3-v1 

Emotional 
diff v3-v1 

Mental 
Health 
diff v3-
v1 

TTest of 
individual 
difference 
scores 

0.247 0.079 0.365 0.213 0.227 0.293 0.252 0.751 

Mean 
difference 
LOLA 

13.46 16.07 1.93 10.40 5.54 16.07 16.67 -1.71 

Mean 
difference 
Placebo 

-4.444 -12.500 -10.000 -1.800 -6.250 0.000 -7.017 1.60 

STD LOLA 27.16 28.77 27.91 20.90 24.46 27.49 58.10 21.61 

STD Placebo 46.36 53.50 42.50 28.76 29.33 51.14 55.78 34.20 

SEM LOLA 0.96 1.15 0.14 0.74 0.40 1.15 1.19 -0.12 

SEM Placebo 2.32 2.68 2.13 1.44 1.47 2.56 2.79 1.71 
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Phy Funct 
diff v3-v1 

Role 
Physical diff 
v3-v1 

Bodily Pain 
diff v3-v1 

GenHealth diff 
v3-v1 

Vitality 
diff v3-v1 

Social Funct 
diff v3-v1 

Emotional 
diff v3-v1 

Mental 
Health 
diff v3-
v1 

Difference (of 
Means) 

-17.90 -28.50 -11.93 -12.20 -11.79 -16.07 -23.69 3.31 

SE 13.83 15.72 12.99 9.01 5.45 15.03 19.70 10.31 

95% 
Confidence 
range 

=-46.07-
10.27 

=-60.59-
3.45 

=-38.37-
14.52 

=-30.55-6.15 =-22.875--
0.69 

=-46.676-
+14.53 

=-63.95-
+16.58 

=-17.67-
+24.31 

t-statistic -1.29 -1.82 -0.92 -1.35 -2.16 -1.07 -1.20 0.32 

 DF 32 32 32 32 32 32 32 32 

p-value 
difference of 
means 

0.215 0.079 0.365 0.185 0.038 0.292 0.240 0.750 

 

As with earlier Mann Whitney testing, a two-way mixed repeated measures ANOVA, 2 by 3 model 

(two groups, three visits) was performed to examine the main effects of treatment or group on each 

SF 36 Domain, with age as a covariate factor.  

On repeated measures ANOVA testing, no significant differences were found in any of the remaining 

six out of eight domains (Role: Physical, General health, Vitality/energy, Social Function, Emotional 

and Mental health) when the results were analysed by group, with age applied as a covariate. These 

plots are summarised below. Bonferroni correction was applied (Error! Reference source not found.a-

f). 
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SF36 Repeated Measures ANOVA Plots of all sub-domains 

 

Figure 5.13a Profile plot SF 36: Physical Role 

Profile plot of Physical Role domain. LOLA (red) and Placebo (blue). This plot shows a non-significant F(2,64) 

=1.669, p=0.22 increase in score with LOLA therapy.  

 

Figure 5.13b Profile plot SF 36: General Health 

Profile plot of General Health Role domain. LOLA (red) and Placebo (blue). This plot shows a non-significant 

F(2,58) =2.608, p=0.089 increase in score with LOLA therapy. 
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Figure 5.13c Profile plot of SF 36: Vitality/Energy 

Profile plot of Vitality/Energy Role domain. LOLA (red) and Placebo (blue). This plot shows a non-significant 

F(2,62) =0.845, p=0.433 increase in score with LOLA therapy. 

 

Figure 5.13d Profile plot of SF 36: Social Function 
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Profile plot of Social Function domain. LOLA (red) and Placebo (blue). This plot shows a non-significant F(2,64) 

=1.099, p=0.339 increase in score with LOLA therapy. 

 

Figure 5.13e Profile plot of SF 36: Emotional Health 

Profile plot of Emotional Health domain. LOLA (red) and Placebo (blue). This plot shows a non-significant 

F(2,62) =1.471, p=0.238 increase in score with LOLA therapy. 



230 

 

Figure 5.13f Profile plot of SF 36: Mental Health 

Profile plot of Emotional Health domain. LOLA (red) and Placebo (blue). This plot shows a stable score F(2,62) 

=0.011, p=0.989 unaffected by LOLA therapy. 

5.7 Markers of disease severity: ammonia, UKELD and Childs-Pugh 

The severity of the liver disease, measured here by calculating a Child-Pugh and UKELD score and 

serum ammonia, the latter of which may be a measure of HE, were also assessed at baseline and end 

of the study. No significant differences were found when a repeated-measures ANOVA was performed 

in each case. Profile plots are displayed for each parameter below (Error! Reference source not 

found.a-c). 
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Figure 5.14a Profile plot of Serum Ammonia 

Profile plot of serum ammonia. LOLA (red) and Placebo (blue). This plot shows a stable serum ammonia level 

F(2,58) =0.043, p=0.924 despite LOLA therapy. 

 

Figure 5.14b Profile plot of Child-Pugh Scores 

Profile plot of Child-Pugh Scores. LOLA (red) and Placebo (blue). This plot shows a non-significant F(2,62) =1.161, 

p=0.161 increase in Child-Pugh score with LOLA therapy. 
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Figure 5.14c Profile plot of UKELD Scores 

Profile plot of UKELD Scores. LOLA (red) and Placebo (blue). This plot shows a non-significant F(2,62) =0.489, 

p=0.575 increase in UKELD score with LOLA therapy. 

No clear relationship was noted with venous ammonia, which trended down in both groups over time. 

The Placebo Group appeared to have higher baseline venous ammonia readings, but this was non-

significant at the outset. No treatment benefits were seen in Child-Pugh scores or UKELD, but a trend 

in improvement was noted. 

 

5.8 Patient-perceived Side-effects, Effects, and Tolerability 

None of the recruits suffered side effects sufficient to cause termination of the study. Incidence of 

minor reported side effects are shown below (Table 5.13) by group. 
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Table 5.13. Self-report of side-effects by Group. Verbal questionnaire performed each visit day. 

Reported Side Effects LOLA (n=14) Placebo (n=20) 

diarrhoea 2 0 

vomiting 1 0 

headaches 2 0 

flatulence 3 1 

sore gums 0 1 

vivid dreams 2 0 

none 9 18 

 

Figure 5.13 displays the self-reported side-effects, with the majority reporting little or no side-effects. 

 

Figure 5.13. Self-Reported side effects by Group, LOLA (red) and Placebo (blue) 

Fischer’s exact test two-tailed was performed on the incidence of side effects vs no side-effects in 

each group, and no significant differences were found between groups. 

Benefits reported by the patients themselves are recorded in Table 5.14. The table shows how many 

subjects reported each of the following beneficial effects. For example, 8/14 subjects in LOLA arm felt 

“more energy” compared to 1/20 in the Placebo arm. 
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Table 5.14. Self-report of perceived benefits of therapy.  

Reported positive effects LOLA (n=14) Placebo (n=20) 

better concentration 3 0 

better memory 4 1 

better quality sleep 5 2 

more stamina/strength 1 2 

less irritable 1 0 

more energy 8 1 

more rested 1 1 

no different 6 16 

 

Figure 5.14 below displays the reported benefits by group, with energy and sleep improvements been 

the most notable. Treatment benefit of LOLA on “more energy” was highly significant at p=0.0007. 

 

Figure 5.14. Self Reported Benefits by Group, LOLA (red) and Placebo (blue) 

Fischer’s exact test was performed on the parameters of energy, concentration, memory and sleep 

comparing LOLA Group with Placebo Group and significant improvements were found in the 

parameter of energy (p-values of 0.0007) and a trend towards significance in concentration, (0.051), 

memory (p=0.0637) and sleep quality (p= 0.0637).  
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5.9 Conclusions 

Study populations were very similar at baseline in terms of age and weekly alcohol consumption. 

Similar cognitive capacity was demonstrated in both groups at baseline in terms of PHES and subtests, 

Cogstate and subtests, WTAR, and three of four Stroop subtests. 

Cognitive tests scores do vary with age, and while no significant differences in ages between groups 

LOLA mean age [range], 56.86 [42-64] and Placebo mean age 50.23 [40-65] were present at 

recruitment, the mean age is 6.6 years higher in the LOLA-arm, suggesting the age will be an important 

covariate in the analysis of subsequent chapters.  

The majority of the subjects have either alcohol or HCV as the main causal factor in both arms of the 

study. The inclusion criteria include all causes of cirrhosis. While the two study groups were a little 

heterogeneous in aetiology, this was acceptable for the primary endpoints of the study, cognitive 

function; but may have had some implications for the MR volumetric and MRS studies. A more 

extensive powered study may allow for sub-analysis by aetiology. 

It was unfortunate that study arms were not equal in size, but this is only something that became 

known at the end of the study, with un-blinding occurring six months after the last patient last visit. 

Given both the Placebo and LOLA were supplied and randomised at source, this was something 

beyond my control as I was supplied 42 boxes of randomised product, received in two separate 

shipments, and the randomisation protocol stated to always use the next available pack, in serial 

order. A higher power study should lead to more equal groups. Three drop-outs occurred in LOLA arm 

and two in the placebo arm. These drop-outs were not due to side effects of LOLA as all five were at 

or before visit 1. Visit 1 is the first day they received the packets of product. Two subjects were 

excluded from the study myself after visit 1 and before visit 2 for recidivism, which was demonstrable 

by testing positive for blood alcohol. While unfortunate again, this is not uncommon and a peril of 

studies requiring abstinence within this study population.  

It should also be noted the level agreement between European PHES, and English PHES, the Z score 

transformation for UK data. All subjects enrolled in both groups had MHE by definition with a PHES 

test of -4 or worse at least at the time of screening, but only seven subjects, three in LOLA arm and 

four in placebo arm, had a deficit large enough to be deemed impaired by PHES English definition, 

suggesting the PHES English may have a more discriminatory role in OHE rather than in MHE testing. 

See Table 5.6. The cut off of -4 has been recommended by the author of the European PHES test 

themselves (Weissenborn et al., 2001). Another important consideration is that my recruits were all 

well-functioning. English was their first language in only 57% of LOLA participants and 59% of placebo 
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participants. However, the overwhelming majority had been educated to college level and beyond, 

with good English language skills. In addition, I was screening for only MHE; this is the mildest end of 

the spectrum. All my subjects were gainfully employed, some in white-collar jobs. There was no 

financial reward for participation; all felt a personal decline in their cognitive acuity and the protocol 

was arduous and uncomfortable so highly motivated, and committed individuals were required to 

succeed. I would argue that my population were a self-selected cohort and selection bias is an 

important factor. For this reason, my population may not be generalisable to the degree of 

impairment found in other HE studies or even some of the more inclusive MHE studies. PHES English 

normalisation appears to be designed for a less well educated and possibly more impaired population. 

Where potentially language and comprehension are poorer, ethnicity and L1 play a disproportionately 

bigger role. 

Cogstate was chosen as the second primary endpoint as it is a test of cognition that is independent of 

language and has excellent repeatability, with one study (Falleti et al., 2006) repeating the test several 

times over the course of a day, a week and a month. Initial pilot studies within our group have shown 

that the DST subtest of European PHES correlated highly with the international shipping list and to a 

slightly lesser extent to the International shopping list delayed recall task (Cook et al., 2017). 

Both groups contained similar sex ratio of participants: LOLA Group contained 64% males, and Placebo 

Group had 63% male participants, this reflects clinical practice as there is a male preponderance in 

subjects with cirrhosis. 

Compliance in both groups was comparable. It should be borne in mind that these individuals are self-

selected voluntary participants in a research trial and therefore more likely to be interested in health-

promoting behaviours when compared to general populations with cirrhosis. Compliance was 

measured as is described by the return of empty or full packets of medication. Although it may be 

argued this is not a robust method, in the absence of a biochemical marker, this is a frequent measure 

of compliance in other pharmaceutical studies. In any case, even if such a hypothetical blood or urine 

marker were to exist, its use would necessarily unblind the study groups in this triple-blinded36 study, 

which risks the introduction of bias, so would be best avoided.  

The LOLA arm contained a significantly higher number of participants on concurrent PPI; the 

significance of this is uncertain, but it is likely to affect the microbiome as PPI works by reducing 

 
36 This study was blinded to the researchers (YP and Study PI), nursing and radiography staff, the pharmacist 

and the statistician (YP, at the time of performing analysis, I was working with group 1 and 2 identifiers 
only). 
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stomach acidity. PPI use has been identified as a risk factor for the development of MHE (Nardelli et 

al., 2019). Clinically these populations were very well matched otherwise, regarding the stage of liver 

disease as measured by Childs-Pugh and UKELD. In both cases, over half had evidence of varices, and 

all had USS evidence of cirrhosis. 

Placebo arm (Group 2) did appear to have better results for muscle function in terms of grip strength 

and 6 Minute walk test, but these were not statistically significant, and allowance was not made for 

gender differences. 

Significant biochemical improvements were not seen in this short study. The parameters of venous 

ammonia did not improve significantly. Neither did prothrombin time, sodium, bilirubin and creatinine 

vary sufficiently to cause a significant change in overall liver disease severity scoring either on Child-

Pugh or UKELD scoring systems. 

Definite reported benefits seemed apparent in the LOLA arm with participants significantly more likely 

to report improvement in the parameters of energy (p-value 0.0007) and a trend towards significance 

in improved concentration (0.0510), memory (0.0637) and sleep quality (0.0637) comparing LOLA 

Group with Placebo. 

A trend towards improvement after LOLA was seen in six of seven SF 36-domains (except mental 

health). Individual t-testing of differences by the subject was not significant. However, the mean 

improvement in score was considered by SF 36 Domain found a significant difference in comparison 

of means t-test in the domain of Vitality/Energy which supports the earlier self-report parameter of 

significantly more energy. 

The discrepancy between Mean Difference or Change in SF-36 domains versus individual t testing of 

differences outcomes, where no significant difference was found between groups on and off LOLA, 

may have a few reasons. 

One reason for this could be difficulty in comprehending the questions as only 57% of Group 1 and 

59% of Group 2 spoke English as their first language (or L1). Another problem with the original 

questionnaire is that one of the items contains a double negative: “Did not do work or other activities 

as carefully as usual’ (answer yes or no) (Jenkinson, 1995). Additionally, it has been noted that the 

confidence intervals are quite wide for each of the eight domains tested, which could make the 

findings unreliable. A newer clearer version SF-36 which has attempted to remove this ambiguity and 

use simpler English has UK normative data is now available SF36-version 2 (Jenkinson et al., 1999) and 
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one potential limitation of this study is that the original version, now almost three decades old, was 

used. 

The instructions for the SF 36 tool also recommend that the individual should not be prompted, and 

the presence of a health care provider when the questionnaire is being filled is inadvisable. Therefore, 

participants were deliberately left in the waiting room pre-visit to fill this out and the forms collected 

at the end. Owing to difficulties in concentration or comprehension in some instances questions were 

omitted by some of the subjects, this accounted for six occasions of missing data between visits 1 and 

3 in those cases a mean difference could not be calculated (Table 5.12. 

Three scores were missing from Physical function (one LOLA and two Placebo participants) two scores 

from General health (one LOLA, one placebo) and one Emotional health score from a subject on 

Placebo. 

Repeated measures ANOVA also does not account for missing data, so comparisons of means (of visit 

differences) were employed. 
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Chapter 6 

Results Psychometric testing PHES, Cogstate, WTAR and Colour 

6.1 Main Hypotheses and Primary Endpoint 

1. MHE-related cognitive changes are reversible with the therapeutic intervention (with LOLA) 

2. Improvements should be detectable by the improvement of PHES scores with LOLA 

3. Improvements should occur in Cogstate parameters with LOLA therapy 

6.2 Sub Hypotheses 

1. improvement is not expected in WTAR as it is a measure of IQ 

2. Improvement is expected in the Stroop Interference tasks in the treatment group 

3. PHES scores are expected to correlate with the clinical level of liver disease 

6.3 Results PHES 

PHES Europe and PHES English are two different normative data sets. The PHES English reportedly 

takes into account ethnicity and non-UK education. 

A ROC Curve Visit 1 PHES Eng vs PHES europ is shown below (Figure 6.1) comparing English PHES, 

WTAR, UKELD and ammonia parameters all against, the standard or PHES Europe score on visit 1. The 

only significant correlation identified (Table 6.1) on visit 1 PHES is that of the visit 1 UKELD or measure 

of prognosis in chronic liver disease (p=0.029). 
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Figure 6.1. Receiver operator curve (ROC) comparing Visit 1 English PHES (purple), UKELD (green) WTAR 

(brown) against the current gold standard or European PHES total, where ammonia and 

UKELD scores follow Europ PHES curve most closely. 

Table 6.1. Area under the curve of how other parameters relate to European PHES total  

Area Under the Curve 

Test Result Variable(s) Area Std. Errora Asymptotic Sig.b Asymptotic 95% Confidence Interval 

Lower Bound Upper Bound 

Ammonia (v)1 .646 .093 .127 .464 .827 

UKELD1 .709 .086 .029 .540 .878 

WTAR1 .389 .096 .246 .202 .577 

EngPHES1 .676 .092 .064 .497 .856 

The test result variable(s): ammonia (v)1, WTAR1, EngPHES1 has at least one tie between the positive actual 
state group and the negative actual state group. Statistics may be biased. 

a. Under the nonparametric assumption 

b. Null hypothesis: true area = 0.5 

 

The English PHES total calculated as a binary either 1=encephalopathic or 0=not encephalopathic from 

the raw PHES scores pre-Z-score transformation was plotted against the standard European PHES total 

score -4 or below =impaired and -3 or more unimpaired. 

WTAR, ammonia values and UKELD scores on visit one were also included 
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The English PHES line is straight rather than a curve as the scale is binary, i.e. HE =1, or no HE=0 and 

not an ordinal range, i.e., four or worse is MHE. 

The WTAR is a measure of IQ so it would not be expected to vary with increasing HE on PHES European 

scale. Of note ammonia and UKELD on visit one appeared to correlate with visit1 PHES Europe score. 

However, only the UKELD score on visit 1 bore a significant predictive relationship with PHES total 

Europ (p=0.029). 

The relationship between PHES English and PHES total Europ did not reach significance (p=0.064). 

A further ROC curve PHES Europ against each PHES Europ Subtest, on Visit 1 was plotted (Figure 6.2). 

This ROC Curve below shows the relative sensitivity of the PHES (European) sub-test when the 

standard set is PHES total -4 or below = impaired and -3 or more unimpaired. 

All subtests were significant as expected, but NCT-A and DST provided the largest area under the 

curve. The Z score for the number of errors made in the LTT task was not significant (Table 6.2). All 

five of the six recorded Z scores were significant at p<0.05. The LTT error was not found to be 

significant (p=0.395). 

 

Figure 6.2. ROC examining each of the component six subtest scores of PHES on Visit 1 against gold 

standard European PHES total 
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Table 6.2. Area under the curve of how individual subtest performance relates to European PHES total 

Area Under the Curve 

Test Result Variable(s) Area Std. Errora Asymptotic Sig.b Asymptotic 95% Confidence Interval 

Lower Bound Upper Bound 

DST-Z1 .899 .051 .000 .800 .998 

NCTA-Z1 .903 .052 .000 .802 1.000 

NCTB-Z1 .784 .075 .003 .637 .932 

SD-Z1 .786 .076 .003 .637 .934 

LTT time-Z1 .706 .090 .031 .530 .881 

LTT error-Z1 .581 .097 .395 .390 .772 

The test result variable(s): DST-Z1, NCTA-Z1, NCTB-Z1, SD-Z1, LTT time-Z1, LTT error-Z1 has at least one tie 
between the positive actual state group and the negative actual state group. Statistics may be biased. 

a. Under the nonparametric assumption 

b. Null hypothesis: true area = 0.5 

 

6.4 Changes in PHES with LOLA 

No overall group differences in PHES total (European) scores were found when two-tailed t-test was 

performed comparing the difference in scores between visit 3 and visit 1. This was true both when 

European normative data were used, where impaired was defined at -4 or worse, and when using 

English normative data named ‘PHESEng’ which defined impaired as -3 or worse. 
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Figure 6.3. Box plots of Mean Change in PHES (Europ) total score with LOLA Group (red) and Placebo 

Group (blue) and sub-tests. Group means for each subtest are shown in the Speech bubbles. 
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On further sub-test analysis, a two-tailed t-test was performed comparing the difference in scores 

between visit 3 and visit 1. A significant improvement in DST Z scores occurred with LOLA treatment 

(p=0.03). See Table 6.3 below. But this data was found to be non-parametric after review of q-q plots  

 

Figure 6.4. Histogram of DST Z score change with LOLA (red) and with Placebo (blue) to illustrate the 

distribution of results 

 

 

Figure 6.5. Q-Q plots for LOLA red marker dots and blue markers placebo showing points mainly 

corresponding to the expected distribution 

On visual inspection of Figure 6.4, it is unclear if histograms are normally distributed due to small 

samples numbers. Q-Q plots (Figure 6.5) above show that data is not normally distributed. Box plots 

of the change in DST Z scores (Figure 6.6) identify a single outlier, only no. 27, corresponding to a 

subject with HCV related cirrhosis in the placebo group. 
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Figure 6.6. Box plots LOLA (red) and Placebo groups (blue) with a single outlier of DST change data set in 

the placebo arm. 

Table 6.3. Independent samples t-test for DST Z scores 

  

Levene’s Test 
Equality of 
Variances 

t-test for Equality of 
Means         

 
F Sig. t df Sig. (2-

tailed) 
Mean 
Difference 

Std. Error 
Difference 

95% Confidence 
Interval of the 
Difference 

        
Lower Upper 

Equal 
variances 
assumed 

2.028 0.164 2.228 32 0.033 0.443 0.199 0.038 0.848 

Equal 
variances 
not 
assumed 

    2.152 24.552 0.041 0.443 0.206 0.019 0.867 

 

Due to concerns regarding non-parametric distribution, a Mann Whitney test was performed for the 

change in DST Z score (visit 3-visit 1), with Mean Rank of 20.68 in LOLA arm and 15.28 in the Placebo 

arm; the difference was no longer significant (p=0.075). 
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 Repeated Measures: PHES 

Repeated measure ANOVA analysis of European PHES, the current gold standard and subtest followed 

by English population correction of PHES totals and subtest, for all 3 visits did not show any significant 

differences between groups. 

Two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, 3 visits) (Figure 6.7) was 

performed to examine the main effects of treatment or Group at each time point on the PHES test37. 

There was no significant main effect of Group on either PHES total scores or for the subtests. Age was 

included as a covariate factor. Bonferroni corrections were applied. The profile plots below are 

descriptive plots for each repeated measure ANOVA condition tested. The plots are the raw scores 

over the three assessment points where data was gathered in the study, so essentially, they are merely 

descriptive plots. For brevity with non-significant repeated measures analysis, the data tables are not 

included. Error! Reference source not found.a-g below summarises profile plots of PHES Europ total 

and subtests relationships by time and group and Error! Reference source not found.a-g show profile 

plots of PHES English total and subtests relationships by time and group. 

 

Figure 6.7a Profile PHES Europ total Score ANOVA, DST F(2,62)=1.756, p=0.184 

There was no significant main effect of Group, F(2,62) =1.756, p=0.184 on PHES(Europ) total scores. 

This was also true of the 5 subtests, 6 Z-scores.  

 
37  Unless otherwise stated PHES refers to European or the gold standard version of the PHES test. 
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NCT-A F(2,62)=1.924, p=0.155 

NCT-B F(2,62)=0.555, p=0.570 

SD F(2,62)=0.555, p=0.570 

LTT time F(2,62)=1.292, p=0.282 

LTT error F(2,62)=0.987, p=0.377 

 

Figure 6.7b Profile Plot of PHES Subtest DST Z-Score ANOVA, DST F(2,62)=1.756, p=0.184 

 

Figure 6.7c Profile Plot of PHES Subtest NCT-A Z-Score ANOVA, NCT-A F(2,62)=1.924, p=0.155 



248 

 

Figure 6.7d Profile Plot of PHES Subtest NCT-B Z-Score ANOVA, NCT-B F(2,62)=0.555, p=0.570 

 

Figure 6.7e Profile Plot of PHES Subtest SD Z-Score ANOVA, SD F(2,62)=0.555, p=0.570 
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Figure 6.7f Profile Plot of PHES Subtest LTT time Z-Score ANOVA, LTT time F(2,62)=1.292, p=0.282 

 

Figure 6.7g Profile Plot of PHES Subtest LTT error Z-Score ANOVA, LTT error F(2,62)=0.987, p=0.377 

Two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 6.8a-g) 

was also performed to examine the main effects of treatment or Group at each time point on the PHES 

test standardised for English populations or the PHES English. There was no significant main effect of 
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Group on either PHES total scores or for the subtests. Age was included as a covariate factor. 

Bonferroni corrections were applied. There was no significant main effect of Group, F(2,62) =0.725, 

p=0.469 on PHES(English) total scores. There were also no significant differences found on Sub tests 

of English PHES. Please note there are no units for these tests as they represent further 

transformations of European Z-scores. 

DST F(2,62)=0.294, p=0.743 

NCTA F(2,62)=0.227, p=0.790 

NCTB F(2,62)=0.045, p=0.956 

SD F(2,62)=0.306, p=0.719 

LTT time F(2,62)=1.636, p=0.208 

LTT error F(2,62)=1.771, p=0.186 

 

Figure 6.8a Profile Plot of PHES Eng total Score ANOVA, F(2,62) =0.725, p=0.469, the black line represents 

the grand mean of both groups at that time point, Nil units for marginal means. 
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Figure 6.8b Profile Plot of PHES Eng DST subtest Score ANOVA, DST F(2,62)=0.294, p=0.743, the black line 

represents the grand mean of both groups at that time point, Nil units for marginal means. 

 

Figure 6.8c Profile Plot of PHES Eng NCT-A subtest Score ANOVA, NCTA F(2,62)=0.227, p=0.790, the black 

line represents the grand mean of both groups at that time point, Nil units for marginal 

means. 
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Figure 6.8d Profile Plot of PHES Eng NCT-B subtest Score ANOVA, NCTB F(2,62)=0.045, p=0.956black line 

represents the grand mean of both groups at that time point, Nil units for marginal means. 

 

Figure 6.8e Profile Plot of PHES Eng SD subtest Score ANOVA, SD F(2,62)=0.306, p=0.719, the black line 

represents the grand mean of both groups at that time point, Nil units for marginal means. 
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Figure 6.8f Profile Plot of PHES Eng LTT time subtest Score ANOVA, LTT time F(2,62)=1.636, p=0.208 

black line represents the grand mean of both groups at that time point, Nil units for marginal 

means. 

 

Figure 6.8g Profile Plot of PHES Eng NCT-A LTT error subtest Score ANOVA, LTT error F(2,62)=1.771, 

p=0.186, the black line represents the grand mean of both groups at that time point, Nil units 

for marginal means. 
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Table 6.4. two-tailed T-Tests for PHES (Europ) total 

V3-V1 Raw scores EuroPHES ZScores Euro PHES  
English 
PHES 

Per 
subject 

DS NCT
A 

NCT
B 

SD LTT
t 

LTTe
rr 

PHES 
total 

DST
-Z 

NCTA
-Z 

NCTB
-Z 

SD-
Z 

LTT 
time-Z 

LTT 
error-Z 

Total 
v3-v1 

LOLA 15 -2 -2 7.5 77 -36 -2 0 0 0 -1 -2 1 0 

LOLA -2 -11 -21 18 -33 -10 -1 0 0 0 -1 0 0 0 

LOLA 9 0 -8 -10 -6 6 0 0 0 0 0 0 0 0 

LOLA 5 10 1 -25 -100 13 1 1 0 -3 0 3 0 0 

LOLA 2 -10 9 -32 -47 -12 2 1 0 -3 1 3 0 0 

LOLA 8 -12 12 29 22 -4 2 1 0 -3 1 3 0 0 

LOLA 20 2 -25 -3 16 -25 3 2 0 1 0 -1 1 0 

LOLA 1 24 -87 5 -34 8 1 0 -1 2 -1 1 0 0 

LOLA 9 -1 -2 -4 -18 -2 0 0 0 0 0 0 0 0 

LOLA 8 6 -37 -14 36 -49 4 1 0 1 2 -1 1 0 

LOLA 3 -7 -23 19 -38 7 0 1 1 0 -2 1 -1 0 

LOLA 7 -3 -6 -42 19 -40 2 1 0 -2 2 0 1 0 

LOLA 6 -6 -52 -5 -62 25 3 0 0 1 1 2 -1 0 

LOLA 7 20 57 -60 76 -8 0 1 -2 -1 2 0 0 0 

Placebo 1 0 6 11 33 -17 -2 0 0 0 -1 -1 0 0 

Placebo -3 27 -1 -15 14 -30 -5 0 0 -1 -2 -3 1 0 

Placebo -3 19 1 69 27 -12 -5 0 0 -1 -2 -3 1 0 

Placebo 6 -4 -45 -3 14 -2 1 0 0 0 1 0 0 0 

Placebo 2 15 -44 24 -26 2 -1 0 -1 2 -3 1 0 0 

Placebo 5 -14 -162 -24 42 -84 4 0 -1 3 -1 4 -1 0 

Placebo 6 -2 -28 -26 -2 -15 0 0 0 0 0 0 0 0 

Placebo 7 -3 -25 23 -16 -2 2 1 0 1 0 0 0 0 

Placebo 10 0 -40 -46 -53 17 3 0 0 1 0 2 0 -1 

Placebo 6 2 9 -23 7 -10 2 1 0 0 1 0 0 -1 

Placebo 2 15 60 15 5 33 -5 0 -1 -2 -1 0 -1 0 

Placebo 0 0 24 9 99 -23 -2 0 0 0 -1 -2 1 0 

Placebo 5 11 15 -6 8 6 -4 -1 0 0 -2 -2 1 1 

Placebo 8 -8 -5 1 -36 1 1 0 0 0 0 1 0 0 

Placebo 3 1 12 5 3 -9 1 1 0 0 0 0 0 0 

Placebo 20 -5 -72 -7 4 -9 3 0 0 2 1 0 0 0 
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V3-V1 Raw scores EuroPHES ZScores Euro PHES  
English 
PHES 

Placebo 16 3 -43 12 37 -27 0 1 0 1 -1 -1 0 0 

Placebo 3 -9.5 5 -9.6 2 -5 1 0 0 -1 2 0 0 0 

Placebo 13 4 -6 0 -27 60 -2 0 -1 0 0 0 -1 0 

Placebo 12 -2 -4 4 14 -7 1 1 0 0 0 0 0 0 

TTEST 0.6
08 

0.6
35 

0.7
80 

0.2
95 

0.3
34 

0.78
5 

0.100 0.03
3 

0.758 0.130 0.1
00 

0.142 0.675 0.64 

Table 6.5. Group Means and Standard Deviation for the PHES test and subtest also shown.  

V3--V1 Raw scores EuroPHES ZScores Euro PHES  
English 
PHES 

  DS NCT
A 

NCT
B 

SD LTTt LTT
err 

PHES 
total 

DST-
Z 

NCTA
-Z 

NCTB
-Z 

SD-Z LTT 
time-
Z 

LTT 
error
-Z 

Total 
v3-v1 

Mean 
LOLA 

7.0 0.7 -
13.1 

-8.3 -6.6 -9.1 1.1 0.6 -0.1 -0.5 0.3 0.6 0.1 0.0 

Mean 
Placebo 

6.2 2.5 -
17.2 

0.7 7.5 -6.7 -0.4 0.2 -0.2 0.3 -0.5 -0.2 0.1 -0.1 

STD 
LOLA 

5.6 11.0 33.3 24.8 50.8 21.6 1.7 0.6 0.7 1.7 1.3 1.6 0.7 0.0 

STD 
Placebo 

6.0 10.2 45.4 23.8 32.6 27.5 2.8 0.5 0.4 1.2 1.2 1.6 0.6 0.4 

 

The variation in Standard deviations is noticeably smaller for DST in both PHES and English PHES. The 

source of the most variability in PHEs Europ is introduced by NCT-B and LTT time Z scores.  

When considering raw scores only, a lower score usually indicates speed and better cognitive 

functioning. But, when considering overall PHES, total mean changes differences in LOLA Group were 

greater after LOLA treatment at 1.1 when compared to -0.4 in Placebo arm.  
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Table 6.6 Displays the Cogstate Z Scores and whether these were impaired (shaded) or not according to normative data. For each test Suffix ’Z’ denotes Z-score and 

suffix imp whether or not the test result was normal 0 or impaired -1 
  

Z scores for each subject displaced with normative comparison, 0 no impairment and -1 impaired 
     

v3-v1diff/ 
subject GROUP CPAL-Z CPALimp DET-Z DETimp GMCT-Z GMCTimp IDN-Z IDNimp ISL-Z ISLimp ISRL-Z ISRLimp OCL-Z OCLimp ONB-Z ONBimp 

1 LOLA -4.008 0 -0.903 0 -0.003 0 -0.059 0 -0.739 0 -0.949 0 -0.331 0 0.286 0 

2 LOLA -0.569 1 0.052 0 -0.003 0 0.126 0 -0.930 0 0.957 0 0.088 0 -0.674 0 

3 LOLA -1.280 0 0.130 0 -0.027 0 0.006 0 -0.465 0 0.000 0 1.166 0 -0.131 0 

4 LOLA 2.916 0 0.569 0 -0.001 0 1.585 -1 1.163 -1 0.478 0 1.085 -1 0.077 0 

6 LOLA 0.498 0 0.880 0 -0.007 0 -0.587 0 1.628 -1 2.871 -1 -0.109 0 -0.298 0 

11 LOLA 5.462 0 0.136 0 0.009 0 0.424 0 1.149 -1 0.013 0 0.256 0 0.440 0 

13 LOLA 5.863 -1 -0.273 0 -0.006 0 0.922 -1 -0.460 0 -0.004 0 -0.222 0 0.429 0 

14 LOLA 2.329 -1 -0.762 1 0.006 0 -0.589 0 0.690 0 0.021 0 -0.874 1 -0.087 0 

21 LOLA 0.161 0 0.405 0 -0.009 0 0.051 0 1.379 0 0.004 0 1.301 -1 0.289 0 

23 LOLA -0.293 0 -0.096 0 0.006 0 0.600 0 -0.370 0 0.000 0 1.429 0 -0.197 0 

25 LOLA -2.063 0 0.220 0 0.012 0 0.317 0 -0.465 0 1.914 0 0.881 0 -0.242 0 

28 LOLA 4.257 0 0.144 0 -0.006 0 -0.006 0 1.379 -1 0.004 0 -0.100 0 0.075 0 

30 LOLA 0.640 0 -1.103 1 0.006 0 -1.160 0 -0.233 0 0.000 0 0.342 0 0.405 -1 

32 LOLA -0.284 0 -0.259 0 -0.001 0 -0.258 0 0.698 0 0.478 0 0.625 -1 1.004 0 
 

  
                

5 Placebo 6.615 0 -0.145 0 0.000 0 -0.130 0 -1.163 0 0.957 -1 1.187 0 0.269 0 

7 Placebo -5.622 0 0.351 0 0.000 0 0.181 0 1.839 0 0.013 0 0.518 0 -0.108 0 
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Z scores for each subject displaced with normative comparison, 0 no impairment and -1 impaired 

     

v3-v1diff/ 
subject GROUP CPAL-Z CPALimp DET-Z DETimp GMCT-Z GMCTimp IDN-Z IDNimp ISL-Z ISLimp ISRL-Z ISRLimp OCL-Z OCLimp ONB-Z ONBimp 

8 Placebo -4.980 0 -0.431 0 -0.007 0 -0.861 0 -0.460 0 0.004 0 -1.539 1 -0.177 0 

9 Placebo 3.936 0 -1.168 0 0.001 0 -1.199 0 0.690 -1 0.013 0 0.761 -1 -0.833 1 

10 Placebo -10.763 0 -0.207 0 0.008 0 0.076 0 0.920 0 0.013 0 0.111 0 0.174 0 

12 Placebo -0.723 0 0.627 0 -0.006 0 1.401 0 1.839 -1 0.424 0 -0.253 0 2.127 0 

15 Placebo -0.071 0 0.675 -1 -0.007 0 1.543 0 2.558 -1 1.435 -1 0.143 0 1.347 0 

16 Placebo 6.104 -1 0.243 0 0.000 0 0.396 0 1.379 0 0.000 0 1.070 0 0.892 0 

17 Placebo 0.161 0 0.859 0 -0.010 0 0.964 0 1.149 0 0.004 0 1.121 -1 0.034 0 

18 Placebo 0.640 0 0.387 0 0.001 0 0.258 0 0.465 0 -1.435 0 -1.949 0 -1.090 1 

19 Placebo -8.798 1 -0.528 0 0.003 0 -1.424 0 1.109 0 -0.316 0 0.569 0 -0.739 0 

20 Placebo -3.201 0 0.736 -1 0.009 0 -0.019 0 0.233 0 1.435 0 -0.552 0 -0.853 0 

22 Placebo 3.983 0 1.383 -1 0.003 0 0.843 0 0.465 0 -1.435 0 -0.109 0 0.576 0 

24 Placebo -0.498 0 0.427 0 -0.013 0 -1.189 0 0.233 0 0.000 0 -0.256 0 -0.417 0 

26 Placebo 3.454 0 -0.396 0 0.000 0 -0.551 0 -1.149 0 0.000 0 -0.275 0 -0.544 0 

27 Placebo -0.723 0 -0.237 0 -0.009 0 0.089 0 0.230 0 0.004 0 -0.124 0 0.466 0 

29 Placebo 1.067 0 -0.908 0 -0.006 0 -0.745 0 0.698 0 0.478 -1 1.567 -1 1.372 -1 

31 Placebo 7.952 -1 -2.130 1 -0.002 0 -1.150 1 0.920 -1 0.008 0 0.520 0 0.120 0 

33 Placebo 2.248 0 -0.916 0 -0.003 0 0.337 0 -0.370 0 0.000 0 -1.829 1 -0.476 0 

34 Placebo 4.267 -1 -1.034 1 0.010 0 0.098 0 -0.465 0 0.478 0 0.000 0 -0.371 0 

T-TEST 
 

0.630 0.859 0.821 0.234 0.877   0.586 0.064 0.475 0.576 0.287 0.499 0.241 0.612 0.968 0.324 
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Table 6.7 Group Means and standard deviations Z scores for each subject displaced with normative comparison, 0 no impairment and -1 impaired 

v3-
v1diff/ 
subject GROUP CPAL-Z CPALimp DET-Z DETimp GMCT-Z GMCTimp IDN-Z IDNimp ISL-Z ISLimp ISRL-Z ISRLimp OCL-Z OCLimp ONB-Z ONBimp 

Mean 
LOLA 

 0.97 -0.07 -0.06 0.14 0.00 0.00 0.10 -0.14 0.32 -0.29 0.41 -0.07 0.40 -0.14 0.10 -0.07 

Mean 
Placebo 

 0.25 -0.10 -0.12 -0.05 0.00 0.00 -0.05 0.05 0.56 -0.20 0.10 -0.15 0.03 -0.05 0.09 0.05 

SD LOLA  2.86 0.47 0.56 0.36 0.01 0.00 0.68 0.36 0.92 0.47 0.95 0.27 0.70 0.53 0.42 0.27 

SD 
Placebo 

 4.99 0.45 0.85 0.51 0.01 0.00 0.86 0.22 0.98 0.41 0.71 0.37 0.97 0.51 0.84 0.39 



259 

Table 6.8. Stroop, Colour Word Interference task Data 

    Visit 3 -Visit 1 difference 

randomisation Session WTAR  CWIT-test1 CWIT-test2 CWIT-test3 CWIT-test4 

LOLA v3-v1 0 -3.135 -7.91 -1.485 3.26 

LOLA v3-v1 -16 -1.775 3.95 4.775 1 

LOLA v3-v1 23 0.565 -3.54 -7.865 -5.37 

LOLA v3-v1 2 -8.53 -12.94 -22.06 -5.59 

LOLA v3-v1 0 2.735 -5.93 26.785 37.62 

LOLA v3-v1 -4 4.395 -26.49 -8.515 15.88 

LOLA v3-v1 -10 -1.49 -0.69 8.38 10.18 

LOLA v3-v1 -7 5.525 -5.25 -20.985 -10.66 

LOLA v3-v1 0 -12.425 -2.62 -9.165 -9.84 

LOLA v3-v1 2 -8.2 -6.77 9.2 8.73 

LOLA v3-v1 -7 0.17 46.38 7.25 -34.36 

LOLA v3-v1 7 -4.965 5.16 22.145 14.47 

LOLA v3-v1 -3 -1.055 -2.71 -5.615 -2.11 

LOLA v3-v1 0 -1.73 -14.95 -12.56 5.6 

Placebo v3-v1 0 -4.135 2.96 -6.055 -10.34 

Placebo v3-v1 -2 -13.915 -0.41 4.695 -6.22 

Placebo v3-v1 -5 3.425 0.85 20.555 13.68 

Placebo v3-v1 -7 3.005 -17.51 5.555 20.56 

Placebo v3-v1 7 -1.325 -0.78 -3.945 -0.34 

Placebo v3-v1 0 2.2 -18.42 -31.62 -11.64 

Placebo v3-v1 0 -5.73 -16.57 1.17 20.35 

Placebo v3-v1 0 -0.93 -4.75 -4.63 -0.11 

Placebo v3-v1 3 -3.965 -7.14 -12.665 -7.72 

Placebo v3-v1 -2 -4.675 12.48 3.155 -6.87 

Placebo v3-v1 6 7.37 -2.19 14.84 19.36 

Placebo v3-v1 1 -1.825 -2.81 -1.175 0.28 

Placebo v3-v1 0 -0.435 -4.9 -6.465 -1.43 

Placebo v3-v1 3 -2.875 -7.75 -17.855 -11.03 

Placebo v3-v1 0 -4.11 1.94 16.06 13.03 

Placebo v3-v1 0 -3.315 -8.34 2.675 8.91 

Placebo v3-v1 -104 -10.445 5.61 11.125 3.7 
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    Visit 3 -Visit 1 difference 

randomisation Session WTAR  CWIT-test1 CWIT-test2 CWIT-test3 CWIT-test4 

Placebo v3-v1 -4 5.41 -12.51 -66.41 -53.01 

Placebo v3-v1 4 -11.69 5.44 -1.33 -12.56 

Placebo v3-v1 2 0.885 -11.24 -24.905 -17.27 

T-TEST   0.554 0.907 0.664 0.504 0.496 

 

Table 6.9. Stroop, Colour Word Interference task Data Group Means and Standard deviations 

 

 

 

 Cogstate 

Mean Z-scores and intrasubject variability with time per test for each of the Cogstate subtests is shown 

in bar charts below (Figure 6.9). The standard error is also shown. 

In the more challenging tasks, CPAL and GMCT, there does not appear to be a practice effect. However, 

a notable improvement seems to occur in the International shopping list (ISL) in the short-term recall; 

to some extent this effect is also seen in the long term recall (ISRL task) but less pronounced. 

 
  Visit 3 -Visit 1 difference 

randomisation Session WTAR  CWIT-test1 CWIT-test2 CWIT-test3 CWIT-test4 

LOLA mean 
 

-0.93 -2.14 -2.45 -0.69 2.06 

Placebo mean 
 

-4.90 -2.35 -4.30 -4.86 -1.93 

LOLA STD 
 

9.00 5.05 16.17 14.59 16.40 

Placebo STD 
 

23.57 5.47 8.28 19.54 16.80 
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Figure 6.9. All Group CPAL, DET, GMCT, IDN, ISL, ISRL, OCL, ONB Mean Z Score visit 1 and visit 3 

6.5 Results 

Mean Z-scores box plots and whiskers (displaying standard error of the mean) suggest that ISL and to 

a lesser extent ISRL appeared to show a practice effect with Z scores improving between visit 1 and 3. 

When all visit 3 or final visit outcomes were compared to visit 1 Scores, a statistically significant effect 

appeared to exist when mean Z scores of visit 3 LOLA were compared with visit 3 Placebo for ISL 

subtest (p=0.003). 

However, this difference was lost (p=0.355) when the change in Z scores (visit 1 - visit 3) were 

compared between LOLA and Placebo for each subtest; see Table 6.4a. 

No difference in change in Cogstate Z score was seen on an initial comparison between Group LOLA 

and Group Placebo. The Z scores are already corrected for age. Subjects 35, 36 37 and 38 were 

excluded from this analysis as they only had visit 1 data (drop-outs). 

Table 6.10. T-test of Change in mean Z scores Group1 vs Group 2 per subject per task 

Group Subject CPAL DET GMCT IDN ISL ISRL OCL ONB 

LOLA 1 -4.00782 -0.90287 -0.00297 -0.05861 -0.73937 -0.94937 -0.33077 0.28647 

LOLA  2 -0.56899 0.05219 -0.00290 0.12611 -0.93023 0.95694 0.08797 -0.67366 

LOLA 3 -5.76102 0.86691 -0.00865 0.22024 1.16279 0.47847 0.84205 -0.32603 

LOLA  4 2.91607 0.56901 -0.00144 1.58497 1.16279 0.47847 1.08465 0.07727 

LOLA 6 0.49787 0.88035 -0.00723 -0.58707 1.62791 2.87081 -0.10943 -0.29832 
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Group Subject CPAL DET GMCT IDN ISL ISRL OCL ONB 

LOLA  11 5.46185 0.13646 0.00925 0.42370 1.14943 0.01271 0.25585 0.44022 

LOLA 13 5.86345 -0.27315 -0.00580 0.92189 -0.45977 -0.00424 -0.22183 0.42862 

LOLA  14 2.32932 -0.76223 0.00579 -0.58890 0.68966 0.02119 -0.87355 -0.08724 

LOLA 21 0.16064 0.40547 -0.00926 0.05124 1.37931 0.00424 1.30071 0.28947 

LOLA  37                 

LOLA 23 -0.29326 -0.09626 0.00594 0.59997 -0.36969 0.00000 1.42875 -0.19718 

LOLA  38                 

LOLA 25 -2.06259 0.21977 0.01155 0.31729 -0.46512 1.91388 0.88125 -0.24166 

LOLA  28 4.25703 0.14386 -0.00578 -0.00573 1.37931 0.00424 -0.09965 0.07514 

LOLA 30 0.64011 -1.10301 0.00578 -1.16024 -0.23256 0.00000 0.34171 0.40502 

LOLA  32 -0.28450 -0.25936 -0.00144 -0.25793 0.69767 0.47847 0.62520 1.00444 

Placebo 35                 

Placebo  5 6.61451 -0.14482 0.00001 -0.12954 -1.16279 0.95694 1.18676 0.26897 

Placebo 7 -5.62249 0.35135 0.00000 0.18080 1.83908 0.01271 0.51793 -0.10841 

Placebo  8 -4.97992 -0.43148 -0.00695 -0.86050 -0.45977 0.00424 -1.53881 -0.17713 

Placebo 36                 

Placebo  9 3.93574 -1.16834 0.00116 -1.19924 0.68966 0.01271 0.76095 -0.83338 

Placebo 10 -10.76305 -0.20672 0.00811 0.07649 0.91954 0.01271 0.11082 0.17372 

Placebo  12 -0.72289 0.62736 -0.00577 1.40134 1.83908 0.42373 -0.25308 2.12690 

Placebo 15 -0.07112 0.67533 -0.00723 1.54257 2.55814 1.43541 0.14272 1.34703 

Placebo  16 6.10442 0.24347 0.00000 0.39567 1.37931 0.00000 1.07045 0.89156 

Placebo 17 0.16064 0.85854 -0.01042 0.96394 1.14943 0.00424 1.12085 0.03372 

Placebo  18 0.64011 0.38735 0.00143 0.25773 0.46512 -1.43541 -1.94921 -1.09019 

Placebo 19 -8.79765 -0.52797 0.00297 -1.42413 1.10906 -0.31646 0.56887 -0.73882 

Placebo  20 -3.20057 0.73564 0.00868 -0.01936 0.23256 1.43541 -0.55239 -0.85271 

Placebo 22 3.98293 1.38300 0.00290 0.84267 0.46512 -1.43541 -0.10943 0.57609 

Placebo  24 -0.49787 0.42666 -0.01299 -1.18911 0.23256 0.00000 -0.25620 -0.41691 

Placebo 26 3.45382 -0.39557 -0.00001 -0.55126 -1.14943 0.00000 -0.27486 -0.54426 

Placebo  27 -0.72289 -0.23656 -0.00927 0.08880 0.22989 0.00424 -0.12437 0.46584 

Placebo 29 1.06686 -0.90826 -0.00579 -0.74531 0.69767 0.47847 1.56744 1.37231 

Placebo  31 7.95181 -2.13029 -0.00232 -1.15025 0.91954 0.00847 0.52009 0.11979 

Placebo 33 2.24829 -0.91648 -0.00297 0.33730 -0.36969 0.00000 -1.82943 -0.47592 

Placebo  34 4.26743 -1.03400 0.01010 0.09787 -0.46512 0.47847 0.00000 -0.37075 

                 
 

  T TEST 0.39749 0.33796 0.34764 0.27436 0.35571 0.11780 0.13401 0.49372 
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Table 6.11. Type three statistics (to account for missing values in repeated measure ANOVA) 

Task Effect 
Numerator 
DF 

Denominator 
DF F-Value 

Probability  
F 

Detection Group 1 36 0.01 0.929 

Detection Session 2 63 0.14 0.8712 

Detection Group*Session 2 63 0.47 0.6263 

Identification Group 1 36 1.68 0.2032 

Identification Session 2 63 0.24 0.7893 

Identification Group*Session 2 63 0.15 0.8648 

Card Learning Group 1 36 4.95 0.0325 

Card Learning Session 2 63 4.68 0.0127 

Card Learning Group*Session 2 63 2.01 0.1425 

One Back Group 1 36 0.01 0.9127 

One Back Session 2 63 0.95 0.3912 

One Back Group*Session 2 63 0.01 0.9927 

Maze Choice Group 1 36 0.84 0.3661 

Maze Choice Session 2 63 0.91 0.4082 

Maze Choice Group*Session 2 63 0.16 0.8556 

List learning Group 1 36 0.46 0.501 

List learning Session 2 63 1.46 0.2402 

List learning Group*Session 2 63 0.94 0.3945 

List Learning Delayed Group 1 36 0.34 0.561 

List Learning Delayed Session 2 63 1.14 0.3262 

List Learning Delayed Group*Session 2 63 0.04 0.9643 

Paired Learning Group 1 36 2.17 0.1497 

Paired Learning Session 2 63 1.82 0.1702 

Paired Learning Group*Session 2 63 0.33 0.7186 

 

Two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 6.10) was 

performed to examine the main effects of treatment or Group at each time point on each of the 

Cogstate subtests. There was no significant main effect of Group on any Cogstate task performance. 

Age was included as a covariate factor. Bonferroni corrections were applied.  
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CPAL F(2,60)=0.035, p=0.93, DET F(2,60)=2.958, p=0.062, IDN F(2,60)=1.070, p=0.339, ISL 

F(2,60)=0.531, p=0.579, ISRL F(2,60)=0.737, p=0.483, OCL F(2,60)=0.625, p=0.534 , ONB F(2,60)= 

0.152, p=0.859. 

The profile plots below all refer to non-significant repeated measures ANOVA where age was a 

covariate factor during analysis using SPSS Version 25. 

Figure 6. 10.a-g show the profile plots of all Cogstate tasks (in all cases LOLA group in red and Placebo 

group in blue) CPAL, DET, IDN, ISL, ISRL, OCL, ONB. 

 

Figure 6.10a Profile plot of CPAL ANOVA, CPAL F(2,60)=0.035, p=0.93 
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Figure 6.10b Profile plot of DET ANOVA, DET F(2,60)=2.958, p=0.062 

 

Figure 6.10c Profile plot of IDN ANOVA, IDN F(2,60)=1.070 
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Figure 6.10d Profile plot of ISL ANOVA, ISL F(2,60)=0.531 

 

Figure 6.10e Profile plot of ISRL ANOVA, ISRL F(2,60)=0.737, p=0.483 
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Figure 6.10f Profile plot of OCL ANOVA, OCL F(2,60)=0.625 

 

Figure 6.10g Profile plot of ONB ANOVA, ONB F(2,60)= 0.152, p=0.859 

Wechsler Test of Adult Reading (WTAR) 
A repeated-measures ANOVA was carried out on WTAR data. The Within-Subjects measure selected 

was time or visit number; visit (v1) at time 0 vs visit 3 (v3) at time 12 weeks. The Between-Subjects 
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Factor was Group 1 LOLA vs Group 2 Placebo. The age was used in the covariate analysis. Results were 

not significant;  a profile plot is shown below in Figure 6.. 

Using Green-house Geisser Correction F =1, 31 =0.291 p =0.594 results showed that there was no 

significant treatment effect of group F(2,58)=0.369, p=0.693) on WTAR performance at baseline or 

after twelve weeks. 

 

Figure 6.11. Profile Plot of WTAR change with time by group; LOLA (red) Placebo (blue) 

STROOP/Colour Word Interference Test (CWIT) 
Stroop Testing was performed in order of ascending difficulty, including Colour Naming, Word 

Reading, Inhibition and Inhibition and Switching Conditions. 

One baseline testing there was a significant difference between LOLA and placebo arms for the colour 

naming test. Hence this relationship was not explored further. No significant differences were found 

on the other three subtests of CWIT on two-tailed independent sample t-test. Profile plots displayed 

below in Figure 6.12 a-d.  

CWIT1 F(2,60)=0.577, p=0.527, CWIT2 F(2,60)=0.477, p=0.623, CWIT3 F(2,60)=0.895, p=0.414, 

p=0.278, CWIT4 F(2,60)=1.309 
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Figure 6.12a Profile plot of Colour Word inhibition Test ANOVA, CWIT1 F(2,60)=0.577, p=0.527 

 

Figure 6.12b Profile plot of Word Reading Test ANOVA, CWIT2 F(2,60)=0.477 
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Figure 6.12c Profile plot of Inhibition Test ANOVA, CWIT3 F(2,60)=0.895 

 

Figure 6.12d Profile plot of Inhibition and Switching Test ANOVA CWIT4 F(2,60)=1.309 
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6.6 Discussion 

In summary, no overall treatment benefits of PHES or Cogstate were identified. ROC curves for visit 1 

outcomes suggest that DST and NCT A are the most discriminant subtests of PHES. The non-parametric 

tests to examine the effects of LOLA on DST did not reach statistical significance (p=0.075) (although 

initial exploratory t-testing was significant, p=0.03). 

Learning improvements with repetition in Cogstate tasks ISL and also with ISRL to a lesser extent 

seemed to exist. There did not seem to be any improvements on straightforward tasks such as IDN or 

DET or very complex tasks, i.e. CPAL, the latter may be due to effects of fatigue. This result is different 

from other published work looking at the stability of the Cogstate tool with repeatability, even in the 

course of a single day (Falleti et al., 2006). 

Pilot work (Cook et al., 2017) in the HE population found when PHES and Cogstate were used together 

the DST and ISL to be closely associated on correlation mapping. Also, the Cogstate task, though 

computer-delivered, did not require a degree of IT familiarity, or English language skills; with over 40% 

of the study population having English as L2, this seemed an excellent choice to have one test that did 

not rely on Roman alphabet memory, unlike PHES. Although it did not apply directly to my population, 

some subjects with intact cognition, scored poorly particularly on the PHES LTT task due to muscle 

weakness or hand tremor (Cook et al., 2017), but this is more likely to be relevant if the subject has 

more advanced HE and/or significant other comorbidities. 

There was no overall treatment benefit observed when subjects’ Cogstate performance over time visit 

3 z scores and visit 1 Z-scores were compared by LOLA vs Placebo per task on mixed repeated-

measures ANOVA. Sphericity of data was never assumed, and in all cases, Greenhouse Geisser 

correction was selected. 

Reasons that this study failed to detect a difference may be because even if present, the effect was 

too small to be detected as I was only recruiting those with very mild impairments, and perhaps 

another detection method should be considered in the future, or the study opened up to other more 

advanced grades of HE. It may also be that compliance with treatment was over-estimated by empty 

packet return methods. Cognitive performance may have been affected by fatigue, although this took 

place in the earlier part of the protocol. Cognitive Testing was usually after the muscle sample had 

been taken, so discomfort may have increased distractibility and masked any cognitive improvement 

if present.  
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While my subjects did not speak English as L1, in nearly 40% of cases in both groups, the majority were 

educated to college level and in some cases beyond. Most were working white-collar jobs, so the 

effects of language were likely balanced out by education. Language is more likely to be relevant when 

the baseline educational level is low. It is probably for this reason that the PHES English, which does 

consider ethnicity and language, applies more generous criteria to cognitive performance, which is 

the reason that although all subjects had a (European) PHES of -4 for all screening visits, only in seven 

instances were they also deemed impaired by PHES English.  

After a discussion of results with Cogstate neuropsychologists, they recommended additional Type 3 

Statistical analysis which uses the Linear Mixed Model, because unlike repeated measures, ANOVA 

can tolerate missing data for some subjects in some assessments. The method of interpretation of 

Group, Time and Group x Time interaction is the same as a Repeated Measures Analysis. Since it was 

the Primary outcome, both analyses were performed. 

Neither type 3 methods or repeated measures ANOVA showed any overall treatment benefits. The 

only subtest of the Cogstate battery to yield any group trend differences results was the OCL which 

showed separate effects of group and time on performance; however, the interaction between the 

two was not quite significant for the OCL (p = 0.143). 

The OCL is the most challenging memory test of the set, so it is more suggestive of a more difficult 

memory test improving for the combined treatment group. The p-values for the OCL are a little 

difficult to interpret because of the difference at baseline. Given the baselines are divergent to start, 

although it shows that the combined treatment group did improve over time, while the Placebo Group 

was relatively stable. The unequal baseline makes it difficult to comment on the significance of the 

difference for the session, and the difference at baseline is the likely cause of the group difference as 

well. The interaction was not quite significant for the OCL (p = 0.143). 

Even though GMCT was excluded, due to the high difficulty, it is still valid to interpret the results for 

the GMLT (i.e., maze) since it is not essential to administer the GMCT before the GMLT (although this 

often does occur). 

Stability of WTAR across testing, as expected, as is a surrogate marker for IQ and verbal intelligence, 

is known to be preserved despite in increasing HE. 

No significant treatment effects were found for any subtest of the Colour Word Interference test 

including Colour Naming, Word Reading, Inhibition and Inhibition and Switching Conditions. 
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6.7 Conclusion 

In both groups, changes in PHES totals, based on European and English normative data, between 

baseline and visit 3 and on Cogstate testing were non-significant. Due to non-parametric distribution, 

a Mann Whitney test was performed for the change in DST Z-score (visit 3 – visit 1), and this difference 

was not significant (p=0.075). 

WTAR performance did not alter, it was employed here as surrogate marker for IQ and not expected 

to change so is an expected finding. Stroop also did not show group differences, which suggests a lack 

of measurable cognitive improvement (Pasha et al., 2017).  

The focus of cognitive endpoints has been primarily on European PHES, the recognised gold standard, 

and on Cogstate. The English normative data transformed Z-Scores did not find many subjects 

impaired who were obtaining a PHES europ score of -4 or worse, i.e. the European PHES appeared to 

pick up more cases of impairment. One reason for this may be that the English scoring takes into 

consideration ethnicity and whether the subject was educated in another primary language, but my 

volunteers were a motivated and self-selected group with insight into their subtle cognitive 

deterioration at the point of inclusion if not even before the screening. Also, nearly all were working 

with at least half in white-collar occupations so their baseline English language skills may be higher 

than the population on which the English normative data was based, despite about 40% of the subjects 

not speaking English as their first language. 

With regard to Cogstate computer testing, most study participants were familiar with computers 

except one individual. The order of testing PHES and Cogstate was alternated each visit to counteract 

effects of fatigue. 

Age is an essential aspect in the measurement of cognitive performance, and while there were no 

significant differences between groups at baseline, there was a tendency for the LOLA Group 

participants to be older. In performing the repeated measures, ANOVAs, age was consistently included 

as a covariate factor. 

All screening test data (and visit 2 data was only excluded for brain volume, Chapter 7) were 

disregarded. Screen data was purely to see if inclusion criteria were met and that cognitive screen was 

performed anywhere between one week to nine months before actual participation.  

The most discriminant components of PHES battery have been identified as DST and NCT-A, which 

may be a preferable basis on which to perform abbreviated screening in time and resource-poor 

outpatient settings. Further work could include examining the utility of using the international 
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shopping list from Cogstate together with DST and NCT as this may have potential as a rapid outpatient 

screen. The animal naming test which is part of the latest Italian guidelines was also not in use when 

this study was performed but would also have been a brief and effective addition to the cognitive 

testing I used in this study and particularly useful to compare against PHES; however, one obvious 

problem with it in this context  is it heavily language dependant. 
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Chapter 7 

Brain Structure Results of Volumetric Analysis  
and White Matter Microstructure 

7.1 Brain Volumetric Analysis 

 Hypothesis Volumetrics 

1. Brain Volume will reduce with HE treatment by LOLA as anti-HE treatment should reduce neuro-

inflammation 

2. Extrapolation changes may be apparent in cortical thickness, volume and subcortical volume 

may also occur; these parameters may reduce as well 

3. Changes in the cortical area would not be expected to be caused by HE treatment 

 Freesurfer Volumetric Analysis 

Summary of MRI Brain Measurement Data 
Freesurfer software output is composed of cortical regions divided into right and left hemispheric data 

parcellated according to the Desikan atlas (Desikan et al., 2006) a cortical atlas that is available within 

Freesurfer. Percentage change data was calculated for the cortical area, thickness and volume, in each 

hemisphere. The percentage change in grey matter volume was calculated for individual subcortical 

structures. 

For each region, two-tailed t-tests of the percentage change in the morphometric measure were 

calculated contrasting week 1 and week 12, comparing LOLA vs Placebo. Significant results are 

accompanied by an exploration of data set, including normality (Shapiro Wilk) and a variation of error 

(Levene’s test). Four histograms per region are presented for both groups at both visits. In addition to 

t-tests, morphometric measures were also analysed with repeated measures ANOVA if parametric 

and by Mann Whitney tests if non-parametric. 

Below (Figure 7.1) is a visual example of a T1 brain segmentation by Freesurfer. 
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Figure 7.1. Brain segmentation in Freesurfer of key subcortical regions. Freesurfer is an open-source 

software suite for processing and analysis of Human Brain MRI. An alternative segmentation 

strategy would have been to use FIRST segmentation tool from fsl library. 

Table 7.1 outlines the main differences between groups seen; non-imaging differences have been 

discussed elsewhere. Regarding baseline T1 imaging differences, only 50% of brains (17/34) were 

structurally normal, nine of these (9/14) in the LOLA arm had cortical atrophy. In the placebo arm, 

8/20 were structurally normal, and 5/20 demonstrated cortical atrophy. Nine scans had other findings: 

7/20 in placebo arm compared to 2/14 for the LOLA arm. These findings ranged from a subcortical 

ischaemic load in four instances: three of these in the aetiology of HCV, one in the case of alcohol. 

Unexpected findings included one possible AVM (LOLA arm, not confirmed), one MCA aneurysm (LOLA 

arm, confirmed). There was one instance of post-traumatic parenchymal injury (Placebo), one case of 

scattered small white matter lesions in a LOLA arm participant, two cases with MAHA, one in each 

group, and one participant in the placebo arm had an osmotic pontine insult. 
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Table 7.1. Outline of T1 abnormalities present at baseline, reproduced again in fMRI section 

Subject Group 
Aetiology 
of cirrhosis 

T1 MRI 
brain  Other MRI findings if HCV  

HCV 
treatment 

Depression 
/anxiety 

1 LOLA alcohol normal  Ab+ no no 

2 LOLA alcohol normal    no 

3 LOLA alcohol normal MCA aneurysm   no 

4 LOLA alcohol normal    yes 

5 Placebo alcohol normal    no 

6 LOLA alcohol vol loss mild volume loss cerebellum   no 

7 Placebo alcohol normal    no 

8 Placebo alcohol other Post-trauma parenchymal 
injury 

  no 

9 Placebo NAFLD normal    yes 

10 Placebo alcohol/ 
HCV 

normal  active 
virus 

no no 

11 LOLA PSC normal    no 

12 Placebo alcohol vol loss small cerebellum   no 

13 LOLA NAFLD/ 
HCV 

normal  active 
virus 

yes no 

14 LOLA alcohol other MAHA, meningioma   no 

15 Placebo alcohol other mild-moderate subcortical 
cv load 

  no 

16 Placebo alcohol vol loss mild volume loss septum 
pellucidum  

  no 

17 Placebo NAFLD vol loss reduced cerebellar volume, 
sinusitis 

  yes 

18 Placebo alcohol other osmotic pontine insult, 
sinusitis 

  no 

19 Placebo alcohol vol loss cerebellar atrophy gp 
mineralisation 

  no 

20 Placebo HCV other subcortic cv ischaemic load Ab+ yes no 

21 LOLA HCV normal  Ab+ yes yes 

22 Placebo HCV vol loss cerebellar atrophy Ab+ yes no 

23 LOLA alcohol other small scattered White 
matter lesions  

  no 

24 Placebo idiopathic other mild MAHA   no 

25 LOLA alcohol vol loss generalised volume loss   no 

26 Placebo HCV normal  Ab+ yes no 
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Subject Group 
Aetiology 
of cirrhosis 

T1 MRI 
brain  Other MRI findings if HCV  

HCV 
treatment 

Depression 
/anxiety 

27 Placebo HCV normal  Ab+ yes no 

28 LOLA AIH normal ?avm Ab+ yes no 

29 Placebo HCV other minor subcortical cv disease   yes 

30 LOLA HCV normal  active 
virus 

yes no 

31 Placebo HCV other mild subcortical cv ischemic 
load  

Ab+ yes no 

32 LOLA HCV vol loss cerebellar atrophy, sinusitis Ab+ yes no 

33 Placebo HCV normal  Ab+ yes no 

34 Placebo HCV normal  Ab+ yes no 

 

The figures in the sections that follow show the percentage change in parameters of thickness, volume 

and area. Refer to Appendix A31 for data tables (Tables A1-A4). Only significant p-values are reported 

here for brevity. In each of the cases in where structures appeared to undergo significant changes 

with anti-HE treatment, a significant p-value was reported. 

Further exploration of data was performed using SPSS v.25. Normality checks were initially visually on 

histogram, but due to small sample size, they were followed in all cases by normality checks including 

Komolgrov Smirnov (KS) testing, which is traditionally more accurate for larger samples, and also 

Shapiro Wilke (SW) testing, preferable for smaller samples. Where either KS or SW testing showed a 

significant value, a Mann Whitney test (Field et al., 2012) was performed38. If parametric, then a 

repeated-measures ANOVA was performed. 

Since two unequal groups were compared (n=14 for LOLA and n=20 for Placebo), Levene’s test for 

equality of variances was also computed to check for equality of variances in the two groups. Where 

the Levenes test was significant p<0.05, suggesting inhomogeneity of groups and non-parametric 

analysis, Mann Whitney was again performed. 

Outlier Detection on Box and Whisker Plots. 
It must be borne in mind that outlier handling by SPSS v.25 uses 1.5 times the size of the interquartile 

range to denote an outlier using the circle symbol ‘ ⃝ ‘. It uses the multiplicand of three times the 

interquartile range to denote an extreme outlier signified by an asterisk ‘*’. Researchers such as 

 
38  Please refer to Chapter 8 for a fuller explanation regarding this test. (Field et al., 2012) 
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Hoaglin et al. (Hoaglin and Iglewicz, 1986) suggest the 1.5 cut-off leads to an overestimation of outliers 

by 50%, so they recommended that the ideal cut-off of 2.2 times the IQR39 to accurately identify 

outliers was preferable to x3 , which they considered to be a too extreme value. 

7.1.2.1 Hemispheric Cortical Thickness 

Freesurfer splits the data output into left and right hemispheres. Two plots of each hemisphere are 

shown for ease of visual comparison of each study arm. LOLA and placebo values are displayed in each 

case, including outliers. 

Right Hemisphere Thickness 

 

Figure 7.2. Displays the first 20 structures where the change in thickness was measured in the Right 

Hemisphere. 

 
39  The 1.5 cut-off built into SPSS version 25, was used in this data set. 
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Figure 7.3. This box and whisker plot displays the remaining 15 structures where the change in thickness 

was measured in the Right Hemisphere. 
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Left Hemisphere Thickness 

 

Figure 7.4. This box and whisker plot displays the first 20 structures where the change in thickness was 

measured in the Left Hemisphere. 
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Figure 7.5. This box and whisker plot displays the remaining 15 structures where the change in cortical 

thickness was measured in the left hemisphere 

No differences in cortical thickness were apparent after twelve weeks of LOLA therapy when 

compared to placebo in the right hemisphere or the left hemisphere (see Table A1 Appendix). 
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7.1.2.2 Cortical Area 

Right Cortical Area 

 

Figure 7.6. This box and whisker plot displays the first 20 structures where the percentage change in 

cortical area was measured in the Right hemisphere. 
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Figure 7.7. This box and whisker plot displays the next 17 structures where percentage change in cortical 

area was measured in the Right Hemisphere. 
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Left Cortical Area 

 

Figure 7.8. This box and whisker plot displays the initial 18 structures where percentage change in area 

was measured in the Left Hemisphere. 
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Figure 7.9. This box and whisker plot displays the next 17 structures where percentage change in area 

was measured in the Left Hemisphere. 

No differences in the cortical area were apparent after twelve weeks of LOLA therapy when compared 

to Placebo in the right hemisphere. Refer to appendix for Table A2 for two-tailed t-test change in right 

and left hemispheric cortical area LOLA vs Placebo. 
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7.1.2.3 Cortical volume 

Right Hemispheric Cortical Volume 

 

Figure 7.10. This box and whisker plot displays the first 20 structures where the percentage change in 

cortical volume was measured in the right hemisphere. 
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Figure 7.11. This box and whisker plot displays the next 20 structures where the percentage change in 

cortical volume was measured in the right hemisphere 
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Left Cortical Volume Changes 

 

Figure 7.12. This box and whisker plot displays the first 16 structures where the percentage change in 

cortical volume was measured in the left hemisphere. 
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Figure 7.13. This box and whisker plot displays the remaining 16 structures where the percentage change 

in volume was measured in the left hemisphere. 

No differences in cortical volume were apparent after twelve weeks of LOLA therapy when compared 

to Placebo in the right hemisphere. Refer to appendix for Table A3 for two-tailed t-test change in right 

and left hemispheric cortical area LOLA vs Placebo. 
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7.1.2.4 Changes in volume of Subcortical structures 

 

Figure 7.14. This box and whisker plot displays the initial 18 structures where percentage change in 

volume was measured, including the ventricles and subcortex. 
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Figure 7.15. This box and whisker plot displays the remaining 16 structures where percentage change in 

volume was measured, including the ventricles and subcortex. 

Refer to Table A4 in the appendix for the full table of a two-tailed t-test change in sub-cortical volume 

LOLA vs placebo. 

Table 7.2 below shows only the brain structures that significantly changed in size with LOLA treatment. 

Each of the anatomical structures in the table appeared to undergo significant changes with anti-HE 

treatment, and thus, a significant p-value was obtained. These are illustrated again in Figure 7.16 

below. 
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Table 7.2. Summary table of significant differences on independent two-tailed t-test LOLA vs Placebo 

Subcortical Brain volume Region p-value 

Left-Lateral-Ventricle 0.014 

Right-Cerebellum-Cortex 0.050 

Right-Pallidum 0.021 

CC_Mid_Anterior 0.049 

 

 

Figure 7.16. This box and whisker plot displays the regions where significant group differences in 

structural volume have occurred. The range in values is highest for the smallest structure 

that was measured the Right Pallidum. The measurement accuracy being greater for larger 

structures.  

Further exploration of data was performed using SPSS v.25. Normality checks were initially visual on 

histogram but due to small sample size were followed in all cases by normality checks including 

Komolgrov Smirnov (KS) testing, which is traditionally more accurate for larger samples, and also 

Shapiro Wilke (SW) testing, preferable for smaller samples. Where either KS or SW testing showed a 

significant value, a Mann Whitney test was performed. 

The two groups (LOLA and Placebo) did not have balanced numbers of participants (n=14 for LOLA 

and n=20 for Placebo); therefore, Levene’s test for equality of variances was also computed to check 
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for equality of variances in the two groups. Where the Levenes test was significant p<0.05, it suggests 

inhomogeneity of groups and non-parametric analysis, in this case, Mann Whitney was again 

performed. 

Mann Whitney U testing performed pre and post visits between groups. The null hypothesis is that 

there is no difference Absolute Brain Volume between these groups at baseline or visit 1. But the 

result of interest is whether there is difference between Absolute Brain Volumes in the two groups at 

week 12. A series of Mann Whitney U tests follow (Table 7.3), where ‘U’ denotes Mann Whitney U 

statistic, n1 the number of subjects in LOLA arm and n2 the number of subjects in the placebo arm, 

the null hypothesis that there is no difference in activation patterns between both treatment groups, 

is accepted if p-value is insignificant p>0.05.  

On Left Lateral Comparison of ranked values of v1 volume in LOLA and Placebo groups on visit 1 were 

17.54 and 17.48; the distributions in the two groups did not vary significantly (MWU =139.5, n1=14 

n2=20, p=0.986, two-tailed. On Left Lateral Comparison of ranked values of v3 volume in LOLA and 

Placebo groups on visit 3 were 17.00 and 17.85; the distributions in the two groups did not vary 

significantly (MWU =133, n1=14 n2=20, p=0.823, two-tailed). 

On Right Cerebellar Cortex Comparison of ranked values of v1 volume in LOLA and Placebo groups on 

visit 1 were 16.14 and 18.45; the distributions in the two groups did not vary significantly (MWU =121, 

n1=14 n2=20, p=0.522, two-tailed. On Right Cerebellar Cortex of ranked values of v3 volume in LOLA 

and Placebo groups on visit 3 were 16.57 and 18.15; the distributions in the two groups did not vary 

significantly (MWU =127, n1=14 n2=20, p=0.666, two-tailed). 

On Right Pallidal Comparison of ranked values of v1 volume in LOLA and Placebo groups on visit 1 

were 19.29 and 16.25; the distributions in the two groups did not vary significantly (MWU =115, n1=14 

n2=20, p=0.396, two-tailed. On Right Pallidal Comparison of ranked values of v3 volume in LOLA and 

Placebo groups on visit 3 were 19.50 and 16.10; the distributions in the two groups did not vary 

significantly (MWU =112, n1=14 n2=20, p=0.341, two-tailed). 

On Corpus Callosum (Mid-anterior) Comparison of ranked values of v1 volume in LOLA and Placebo 

groups on visit 1 were 15.93 and 18.60; the distributions in the two groups did not vary significantly 

(MWU =118, n1=14 n2=20, p=0.457, two-tailed. On Corpus Callosum (Mid-anterior) Comparison of 

ranked values of v3 volume in LOLA and Placebo groups on visit 3 were 17.00 and 17.85; the 

distributions in the two groups did not vary significantly (MWU =133, n1=14 n2=20, p=0.823, two-

tailed). 
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No significant relationships in Absolute Brain Volume changes were identified on this analysis. 

Table 7.3. Absolute Brain volumes by visit where U1 is visit 1 U-value and U3 is visit 3 U-value 

Absolute Brain volume 
comparison by visit Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Left Lateral ventricle 

Comparison of volume at visit 1 
and visit 3 by group 

LOLA v1= 17.54 

Placebo v1= 17.48 

LOLA v3 = 17.00 

Placebo v3 = 17.85 

Mann Whitney 
U1=139.5 

U3=133 

0.986 0.823 

Right Cerebellum Cortex 

Comparison of volume at visit 1 
and visit 3 by group 

LOLA v1= 16.14 

Placebo v1= 18.45 

LOLA v3= 16.57 

Placebo v3= 18.15 

Mann Whitney 

U1=121 

U3=127 

0.522 0.666 

Right Pallidum 

Comparison of volume at visit 1 
and visit 3 by group 

LOLA v1= 19.29 

Placebo v1= 16.25 

LOLA v3= 19.50 

Placebo v3= 16.10 

Mann Whitney 
U1=115 

U3=112 

0.396 0.341 

Corpus Callosum (mid anterior) 

Comparison of volume at visit 1 
and visit 3 by group 

LOLA v1= 15.93 

Placebo v1=18.60 

LOLA v3= 17.00 

Placebo v3= 17.85 

Mann Whitney 

U1=118 

U3=113 

0.457 0.823 

 

Mann Whitney U testing was performed pre and post visits between groups (Table 7.4). The null 

hypothesis is that there is no difference in change in (ranked values of) Brain Volume between these 

groups. This was disproved in all four locations.  

Ranked values of Left Lateral Change of volume in LOLA and Placebo groups was 11.57 and 21.65; the 

distributions of ranked values in the two groups varied significantly (MWU =57, n1=14 n2=20, p=0.003, 

two-tailed.  

Ranked values of Right Cerebellar Cortex Change of volume in LOLA and Placebo groups was 22.71 

and 13.87; the distributions of ranked values in the two groups varied significantly (MWU =67, n1=14 

n2=20, p=0.01, two-tailed).  

Ranked values of Right Pallidal Change of volume in LOLA and Placebo groups was 22.57 and 13.95; 

the distributions of ranked values in the two groups varied significantly (MWU =69, n1=14 n2=20, 

p=0.012, two-tailed).  
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Mean Corpus Callosum (Mid-anterior) Change of volume in LOLA and Placebo groups was 22.00 and 

14.35; the distributions of ranked values in the two groups varied significantly (MWU =77, n1=14 

n2=20, p=0.027, two-tailed). 

Table 7.4 examines the change in brain volume with 12 weeks of LOLA or Placebo treatment. 

Significant changes were again identified on Mann Whitney testing in each of the four areas identified 

earlier via exploratory t-test. 

Table 7.4. Change in Brain volume (visit 3 - visit 1) where, U= U value  

Brain volume difference after 12 weeks of LOLA or Placebo Mean Ranks Statistical test p-value  

Left Lateral ventricle volume 

Difference  

LOLA = 11.57 

Placebo = 21.65  

Mann Whitney 
U=57 

0.003 

Right Cerebellum Cortex volume 

Difference 

LOLA = 22.71 

Placebo = 13.87 

Mann Whitney 
U=67 

0.01 

Right Pallidum volume Difference LOLA = 22.57 

Placebo = 13.95  

Mann Whitney 
U=69 

0.012 

Corpus Callosum (mid anterior) volume Difference LOLA = 22.00 

Placebo = 14.35 

Mann Whitney 
U=77 

0.027 

 

 Volumetric Discussion 

Cerebral volume reduction changes in response to HE treatment have been demonstrated with other 

IMP, including lactulose. HE is a state of neuroinflammation and oedema, if this were treated, then 

oedema may resolve. Many grey matter morphometric measurements were calculated. Only those 

where a significant percentage change was seen on initial t-testing were analysed further. As data 

were non-parametric, a further Mann Whitney test of the difference was performed. 

A significant treatment advantage was found with LOLA, which translated into volume reduction of 

right pallidum, corpus callosum mid-anterior. P-value approaching significance was seen for right 

cerebellum cortex (p=0.05). A corresponding significant increase in left lateral ventricle volumes was 

also seen. But these data were non-parametric, and subsequent Mann Whitney U also showed 

significant reduction in right cerebellar cortex, right pallidum, and mid anterior corpus callosum (p-

values= 0.01, 0.012, 0.027, respectively). 

There were six main outliers in this data set: 4/6 were alcohol-related cirrhosis 1/6 HCV related and 

1/6 non-alcohol related fatty liver disease cirrhosis. Only one of the outliers, subject 25 (outlier 11), 
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had alcohol-related generalised volume loss (LOLA arm). This is one of the reasons why the % change 

in volume was analysed first rather than just the absolute volume, which was only studied if an initial 

treatment-induced volume change was found. The remaining 5/6 other outliers had normal volumes 

at the outset. 

There were no outliers at Cerebellum. At the pallidum 3 subjects were outlying: subject 5 (outlier 15, 

alcohol-related), subject 9 (outlier 18, NAFLD), subject 10 (outlier 19, alcohol-related). They were all 

placebo-arm participants with standard brain size on T1. 

At the corpus callosum, subject 21 (outlier 9, HCV) and subject 19 (outlier 25, alcohol-related) were 

both outlying. The latter subjects scan showed generalised volume loss; both participants were from 

LOLA arm. The left lateral ventricle had a single outlier, subject 19 (outlier 25, alcohol-related). 

Subjects 5, 9 and 10 were extreme outliers defined as over three times the IQR by SPSS software. 

While the change in volume was significant, further analysis with Mann Whitney testing of absolute 

values at each time point was also performed. None of these were significant, but this may be due to 

considerable variation in brain size between individuals, making the change in volume analyses the 

most relevant in this case. 

It is unclear why related changes in other cortical volumes and thickness were not found, but the areas 

identified earlier are implicated in the Default Mode Network, and the corpus callosum is a known site 

of structural disease, particularly in alcoholics. Cortical atrophy in isolation found on MR was not an 

explicit exclusion criterion for this study. However, as each subject was being compared to themselves, 

the relative change was more important. The Mann Whitney test of these differences was significant 

in all four areas: LLV, RCC, CCmid callosum and right pallidum. 

7.2 White Matter Microstructure Results 

 Hypothesis DTI 

1. Brain fractional anisotropy (FA), or orientatedness, should alter after treatment of MHE with 

LOLA: reduced FA has been seen with MHE so FA may increase towards normal with LOLA 

2. Brain radial diffusivity (RD) may decrease with treatment 

3. Brain apparent diffusion coefficient (ADC) is known to be increased in those with cirrhosis and 

MHE compared to cirrhosis and no MHE so that it may reduce towards normal with LOLA 

treatment 
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4. Trace  which represents the average of diffusivity in all directions, may or may not change. If a 

directional change in ADC or RD occurs, then a vector change may result; if the directional 

changes cancel each other out, no change will occur 

 DTI Results 

White matter microstructure metrics were derived from diffusion imaging data and measured within 

the same regions based on a white matter tract atlas; DTI metrics were calculated for the Body, Genu, 

Splenium of the Corpus Callosum as well as a whole-brain average, for each of FA, RD, ADC and TR. 

The mean difference of the four DTI scalars from visit 3 to 1 is plotted below (Figures 7.17-7.20); 

however, all data showed a non-parametric distribution so Mann Whitney U testing was performed 

instead. Figure 7.17 below summarises the average values of FA. On a two-tailed t-test of the FA 

difference v3-v1 LOLA vs Placebo, no significant differences were identified (p-values 0.087, 0.467, 

0.065 and 0.070 at Body, Genu, Splenium of CC and whole brain, respectively; see Table A5 in the 

appendix). 

 

Figure 7.17. Bar Graph of Mean difference FA values in LOLA group (red) and Placebo Group (blue). Mean 

values shown embedded in graph, Standard error also marked. All initial t-test p-values were 

insignificant p-values 0.087, 0.467, 0.065 and 0.070  
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Figure 7.18 summarises the average values of RD. On a two-tailed t-test of RD difference v3-v1 LOLA 

vs Placebo, no significant differences were identified (p-values 0.155, 0.288, 0.063 and 0.144 at Body, 

Genu, Splenium of CC and whole brain, respectively; see Table A6 in the appendix for the 

corresponding data table). 

 

Figure 7.18. Bar Graph of Mean difference RD values in LOLA group (red) and Placebo Group (blue). Group 

Mean values shown embedded in graph, Standard error also marked. All p values 

insignificant p-values 0.155, 0.288, 0.063 and 0.144 

Figure 7.19 summarises the average values of ADC. On a two-tailed t-test ADC difference v3-v1 LOLA 

vs Placebo, no significant differences were identified (p-values 0.315, 0.219, 0.084 and 0.376 at Body, 

Genu, Splenium of CC and whole brain, respectively; see Table A7 in the appendix). 
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Figure 7.19. Bar Graph of Mean difference ADC values in LOLA group (red) and Placebo Group (blue). Group 

Mean values shown embedded in graph, Standard error also marked. All p values 

insignificant p-values 0.315, 0.219, 0.084 and 0.376. 

Figure 7.20. summarises the average values of TR. On a two-tailed t-test of TR difference v3-v1 LOLA 

vs Placebo, no significant differences were identified (p-values 0.193, 0.257, 0.066 and 0.199 at Body, 

Genu, Splenium of CC and whole brain, respectively. See Table A8 in the appendix).  
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Figure 7.20. Bar Graph of Mean difference Trace values in LOLA group (red) and Placebo Group (blue) 

Group Mean values shown embedded in graph, Standard error also marked. All p values 

insignificant p-values 0.193, 0.257, 0.066 and 0.199 

Mann Whitney U testing both examining the absolute values at first and final visits and the changes 

in the value of each DTI parameter in each group between final and first visits. Below are the summary 

tables showing the statistical test and mean ranks. 

On Comparison of Absolute FA Corpus Callosum Body Ranked values LOLA and Placebo groups on visit 

1 were ranked 18.00 and 17.15; the distributions in the two groups did not vary significantly (MWU 

=133, n1=14 n2=20, p=0.823, two-tailed. Absolute FA Corpus Callosum Body Ranked values of v3 in 

LOLA and Placebo groups on visit 3 were 16.57 and 18.15; the distributions in the two groups did not 

vary significantly (MWU =127, n1=14 n2=20, p=0.666, two-tailed). 

On Comparison of Absolute FA Genu Corpus Callosum Ranked values LOLA and Placebo groups on visit 

1 were 17.29 and 17.65; the distributions in the two groups did not vary significantly (MWU =137, 

n1=14 n2=20, p=0.931, two-tailed. Absolute FA Genu Corpus Callosum Body Ranked values of v3 in 

LOLA and Placebo groups on visit 3 were 17.00 and 17.85; the distributions in the two groups did not 

vary significantly (MWU =133, n1=14 n2=20, p=0.823, two-tailed). 

On Comparison of Absolute FA Splenium Corpus Callosum Ranked values LOLA and Placebo groups on 

visit 1 were 16.36 and 18.30; the distributions in the two groups did not vary significantly (MWU =124, 
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n1=14 n2=20, p=0.592, two-tailed. Absolute FA Splenium Corpus Callosum Body Ranked values of v3 

in LOLA and Placebo groups on visit 3 were 15.14 and 19.15; the distributions in the two groups did 

not vary significantly (MWU =107, n1=14 n2=20, p=0.259, two-tailed). 

On Comparison of Absolute Whole Brain White Matter Ranked values LOLA and Placebo groups on 

visit 1 were 16.71 and 18.05; the distributions in the two groups did not vary significantly (MWU =129, 

n1=14 n2=20, p=0.717, two-tailed. Absolute FA Corpus Callosum Body Ranked values of v3 in LOLA 

and Placebo groups on visit 3 were 15.14 and 19.15; the distributions in the two groups did not vary 

significantly (MWU =107, n1=14 n2=20, p=0.259, two-tailed). 

Table 7.5. Absolute Brain FA where U1 is visit 1 U value and U3 is visit 3 U value 

Absolute Brain FA comparison 
by visit Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Corpus Callosum: Body 

Comparison of FA at visit 1 and 
visit 3 by group 

LOLA v1= 18.0 

Placebo v1= 17.15 

LOLA v3 = 16.57 

Placebo v3 = 18.15 

Mann Whitney 
U1=133 

U3=127 

0.823 0.666 

Corpus Callosum: Genu 

Comparison of FA at visit 1 and 
visit 3 by group 

LOLA v1= 17.29 

Placebo v1= 17.65 

LOLA v3 = 17.00 

Placebo v3 = 17.85  

Mann Whitney 
U1=137 

U3=133 

0.931 0.823 

Corpus Callosum: Splenium 

Comparison of FA at visit 1 and 
visit 3 by group 

LOLA v1= 16.36 

Placebo v1= 18.30 

LOLA v3 = 15.14 

Placebo v3 = 19.15 

Mann Whitney 
U1=124 

U3=107 

0.592 0.259 

Whole Brain 

Comparison of FA at visit 1 and 
visit 3 by group 

LOLA v1= 16.71 

Placebo v1= 18.05 

LOLA v3 = 15.14 

Placebo v3 = 19.15 

Mann Whitney 
U1=129 

U3=107 

0.717 0.259 

 

These data display a non-significant trend in absolute value FA reduction in the LOLA Group at all four 

locations and a converse trend in FA reduction in the Placebo arm. 
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Table 7.6. The difference in FA over time (visit 3-visit1) where U= U value 

FA difference after 12 weeks of 
LOLA or Placebo Mean Ranks Statistical test p-value  

Body CC Difference LOLA = 14.21 

Placebo = 19.80 

Mann Whitney  

U=120 

0.112 

Genu CC Difference LOLA = 16.29 

Placebo = 18.35 

Mann Whitney 

U=159 

0.569 

Splenium CC Difference LOLA = 12.93 

Placebo = 20.70  

Mann Whitney  

U=104 

0.025 

WM Difference LOLA = 12.64 

Placebo = 20.90 

Mann Whitney 

U=96 

0.017 

 

In the case of a change in FA between first and final visits, the change in FA was smaller in the LOLA 

arm compared to placebo and was statistically significant in the case of the splenium and overall 

whole-brain white matter. 

On Comparison of change in FA Corpus Callosum Body Ranked values LOLA and Placebo groups were 

ranked 14.21 and 19.80, the distributions in the two groups did not vary significantly (MWU =120, 

n1=14 n2=20, p=0.112, two-tailed). 

On Comparison of change in FA Genu Corpus Callosum Ranked values LOLA and Placebo groups were 

ranked 16.29 and 18.35, the distributions in the two groups did not vary significantly (MWU =159, 14 

n2=20, p=0.569, two-tailed).  

On Comparison of change in FA Splenium Corpus Callosum Ranked values LOLA and Placebo groups 

were ranked 12.93 and 20.70; the distributions in the two groups were significantly different (MWU 

=104, n1=14 n2=20, p=0.025, two-tailed).  

On Comparison of change in FA Whole Brain White Matter Ranked values LOLA and Placebo groups 

were ranked 12.64 and 20.90; the distributions in the two groups were significantly different (MWU 

=96, n1=14 n2=20, p=0.017, two-tailed).  
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Table 7.7. Absolute Brain RD where U1 is visit 1 U value and U3 is visit 3 U value 

Absolute Brain RD comparison 
by visit Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Corpus Callosum: Body 

Comparison of RD at visit 1 and 
visit 3 by group 

LOLA v1= 17.36 

Placebo v1= 17.6 

LOLA v3 = 18.36 

Placebo v3 = 16.9 

Mann Whitney 
U1=138 

U3=128 

0.959 0.691 

Corpus Callosum: Genu 

Comparison of RD at visit 1 and 
visit 3 by group 

LOLA v1= 17.5 

Placebo v1= 17.5 

LOLA v3 = 17.21 

Placebo v3 = 17.7 

Mann Whitney 
U1=140 

U3=136 

1.000 0.904 

Corpus Callosum: Splenium 

Comparison of RD at visit 1 and 
visit 3 by group 

LOLA v1= 19.50 

Placebo v1= 16.10 

LOLA v3 = 19.79 

Placebo v3 = 15.90 

Mann Whitney 
U1=112 

U3=108 

0.341 0.274 

Whole Brain 

Comparison of RD at visit 1 and 
visit 3 by group 

LOLA v1= 18.07 

Placebo v1= 17.10 

LOLA v3 =18.79 

Placebo v3 = 16.60 

Mann Whitney 
U1=132 

U3=122 

0.796 0.545 

 

LOLA group subjects showed a non-significant increase in absolute RD value over time, whereas 

placebo suggested a non-significant reduction in absolute RD value. 

On Comparison of Absolute RD Corpus Callosum Body Ranked values LOLA and Placebo groups on visit 

1 were ranked 17.36 and 17.6; the distributions in the two groups did not vary significantly (MWU 

=138, n1=14 n2=20, p=0.959, two-tailed. Absolute RD Corpus Callosum Body Ranked values of v3 in 

LOLA and Placebo groups on visit 3 were 18.36 and 16.9; the distributions in the two groups did not 

vary significantly (MWU =128, n1=14 n2=20, p=0.691, two-tailed). 

On Comparison of Absolute RD Genu Corpus Callosum Ranked values LOLA and Placebo groups on 

visit 1 were 17.5 and 17.5; the distributions in the two groups did not vary significantly (MWU =140, 

n1=14 n2=20, p=1.000, two-tailed. Absolute RD Genu Corpus Callosum Body values of v3 in LOLA and 

Placebo groups on visit 3 were 17.21 and 17.7; the distributions in the two groups did not vary 

significantly (MWU =136, n1=14 n2=20, p=0.904, two-tailed). 

On Comparison of Absolute RD Splenium Corpus Callosum Ranked values LOLA and Placebo groups on 

visit 1 were 19.5 and 16.10; the distributions in the two groups did not vary significantly (MWU =112, 
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n1=14 n2=20, p=0.341, two-tailed. Absolute RD Splenium Corpus Callosum Body Ranked values of v3 

in LOLA and Placebo groups on visit 3 were 19.79 and 15.90; the distributions in the two groups did 

not vary significantly (MWU =108, n1=14 n2=20, p=0.274, two-tailed). 

On Comparison of Absolute RD Whole Brain White Matter Ranked values LOLA and Placebo groups on 

visit 1 were 18.07 and 17.10; the distributions in the two groups did not vary significantly (MWU =132, 

n1=14 n2=20, p=0.796, two-tailed. Absolute RD Corpus Callosum Body ranked values of v3 in LOLA 

and Placebo groups on visit 3 were 18.79 and 16.60; the distributions in the two groups did not vary 

significantly (MWU =122, n1=14 n2=20, p=0.545, two-tailed). 

Table 7.8. The difference in RD over time (visit 3-visit1) where, U= U value 

RD difference after 12 weeks of 
LOLA or Placebo Mean Ranks Statistical test p-value  

Body CC Difference 

 

LOLA = 20.29 

Placebo = 15.55 

Mann Whitney 

U=101 

0.180 

Genu CC Difference 

 

LOLA = 18.36 

Placebo = 16.90 

Mann Whitney 

U=128 

0.691 

Splenium CC Difference LOLA = 21.29 

Placebo = 14.85  

Mann Whitney 

U=87 

0.066 

WM Difference LOLA = 21.57 

Placebo = 14.65 

Mann Whitney 

U=83 

0.047 

 

The change in RD difference showed a tendency to be higher in the LOLA arm when compared to 

placebo at all four locations, and this was statistically significant when overall whole-brain RD was 

considered p=0.047. Change in RD Whole Brain White Matter ranked values for LOLA and Placebo 

groups were ranked 21.57 and 14.65; the distributions in the two groups were significantly different 

(MWU =83, n1=14 n2=20, p=0.047, two-tailed).  

On Comparison of change in RD Corpus Callosum Body Ranked values LOLA and Placebo groups were 

ranked 20.29, 15.55 the distributions in the two groups did not vary significantly (MWU =101, n1=14 

n2=20, p=0.180, two-tailed). On Comparison of change in RD Genu Corpus Callosum Ranked values 

LOLA and Placebo groups were ranked 18.36 and 16.90, the distributions in the two groups did not 

vary significantly (MWU =128, 14 n2=20, p=0.691, two-tailed). On Comparison of change in RD 

Splenium Corpus Callosum Ranked values LOLA and Placebo groups were ranked 21.29 and 14.85; the 
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distributions in the two groups were not significantly different (MWU =87, n1=14 n2=20, p=0.066, 

two-tailed).  

Table 7.9. Absolute Brain ADC where U1 is visit 1 U value and U3 is visit 3 U value 

Absolute Brain ADC comparison 
by visit Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Corpus Callosum: Body 

Comparison of ADC at visit 1 and 
visit 3 by group 

LOLA v1= 17.21 

Placebo v1= 17.70 

LOLA v3 = 18.00 

Placebo v3 = 17.15 

Mann Whitney 
U1=136 

U3=133 

0.904 0.823 

Corpus Callosum: Genu 

Comparison of ADC at visit 1 and 
visit 3 by group 

LOLA v1= 17.21 

Placebo v1= 17.70 

LOLA v3 = 17.00 

Placebo v3 = 17.85 

Mann Whitney 
U1=136 

U3=133 

0.904 0.823 

Corpus Callosum: Splenium 

Comparison of ADC at visit 1 and 
visit 3 by group 

LOLA v1= 19.57 

Placebo v1= 16.05 

LOLA v3 =19.71 

Placebo v3 = 15.95 

Mann Whitney 
U1=111 

U3=109 

0.323 0.290 

Whole Brain 

Comparison of ADC at visit 1 and 
visit 3 by group 

LOLA v1= 17.50 

Placebo v1= 17.50 

LOLA v3 =17.79 

Placebo v3 = 17.30 

Mann Whitney 
U1=140 

U3=136 

1.000 0.904 

 

Overall trends were for an increase in absolute ADC value with LOLA treatment and reduction with 

placebo; these were both non-significant. 

On Comparison of Absolute ADC Corpus Callosum Body Ranked values LOLA and Placebo groups on 

visit 1 were ranked 17.21 and 17.70; the distributions in the two groups did not vary significantly 

(MWU =136, n1=14 n2=20, p=0.904, two-tailed. Absolute ADC Corpus Callosum Body Ranked values 

of v3 in LOLA and Placebo groups on visit 3 were 18.00 and 17.15; the distributions in the two groups 

did not vary significantly (MWU =133, n1=14 n2=20, p=0.823, two-tailed). 

On Comparison of Absolute ADC Genu Corpus Callosum Ranked values LOLA and Placebo groups on 

visit 1 were ranked 17.21 and 17.70; the distributions in the two groups did not vary significantly 

(MWU =136, n1=14 n2=20, p=0.904, two-tailed. Absolute ADC Genu Corpus Callosum Body values of 

v3 in LOLA and Placebo groups on visit 3 were 17.00 and 17.85; the distributions in the two groups did 

not vary significantly (MWU =133, n1=14 n2=20, p=0.823, two-tailed). 
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On Comparison of Absolute ADC Splenium Corpus Callosum Ranked values LOLA and Placebo groups 

on visit 1 were 19.57 and 16.05; the distributions in the two groups did not vary significantly (MWU 

=111, n1=14 n2=20, p=0.323, two-tailed. Absolute ADC Splenium Corpus Callosum Body Ranked values 

of v3 in LOLA and Placebo groups on visit 3 were 19.71 and 15.95; the distributions in the two groups 

did not vary significantly (MWU =109, n1=14 n2=20, p=0.290, two-tailed). 

On Comparison of Absolute ADC Whole Brain White Matter Ranked values LOLA and Placebo groups 

on visit 1 were 17.50 and 17.50; the distributions in the two groups did not vary significantly (MWU 

=140, n1=14 n2=20, p=1.000, two-tailed. Absolute ADC Corpus Callosum Body Ranked values of v3 in 

LOLA and Placebo groups on visit 3 were 17.79 and 17.30; the distributions in the two groups did not 

vary significantly (MWU =136, n1=14 n2=20, p=0.904, two-tailed). 

Table 7.10. The difference in ADC over time (visit 3-visit1) where, U= U value 

ADC difference after 12 weeks 
of LOLA or Placebo Mean Ranks Statistical test p-value  

Body CC Difference LOLA = 19.71 

Placebo = 15.95 

Mann Whitney 

 U=109 

0.290 

Genu CC Difference LOLA = 19.00 

Placebo = 16.45 

Mann Whitney 

U=119 

0.478 

Splenium CC Difference LOLA = 20.07 

Placebo = 15.70  

Mann Whitney 

U=104 

0.217 

WM Difference LOLA = 19.21 

Placebo = 16.30 

Mann Whitney 

U=116 

0.416 

ADC differences tended to be higher in LOLA arm compared to placebo but were not found to be 

statistically significant. 

On Comparison of change in ADC Corpus Callosum Body values LOLA and Placebo groups were ranked 

19.71 and 15.95; the distributions in the two groups did not vary significantly (MWU =109, n1=14 

n2=20, p=0.290, two-tailed. On Comparison of change in ADC Genu Corpus Callosum values LOLA and 

Placebo groups were ranked 19.00 and 16.45, the distributions in the two groups did not vary 

significantly (MWU =119, 14 n2=20, p=0.478, two-tailed). On Comparison of change in ADC Splenium 

Corpus Callosum values LOLA and Placebo groups were ranked 20.70 and 15.70; the distributions in 

the two groups were not significantly different (MWU =104, n1=14 n2=20, p=0.217, two-tailed. On 

Comparison of change in ADC Whole Brain White Matter values LOLA and Placebo groups were ranked 

19.21 and 16.30; the distributions in the two groups were again, not significantly different (MWU 

=116, n1=14 n2=20, p=0.416, two-tailed).  
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Table 7.11. Absolute Brain Trace where U1 is visit 1 U value and U3 is visit 3 U value 

Absolute Brain Trace 
comparison by visit Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Corpus Callosum: Body 

Comparison of Trace at visit 1 
and visit 3 by group 

LOLA v1= 17.71 

Placebo v1= 17.35 

LOLA v3 = 18.36 

Placebo v3 = 16.9 

Mann Whitney 
U1=137 

U3=128 

0.931 0.691 

Corpus Callosum: Genu 

Comparison of Trace at visit 1 
and visit 3 by group 

LOLA v1= 17.71 

Placebo v1= 17.35 

LOLA v3 = 17.21 

Placebo v3 = 17.7 

Mann Whitney 
U1=137 

U3=136 

0.931 0.904 

Corpus Callosum: Splenium 

Comparison of Trace at visit 1 
and visit 3 by group 

LOLA v1= 19.50 

Placebo v1= 16.10 

LOLA v3 = 19.93 

Placebo v3 = 15.80 

Mann Whitney 
U1=112 

U3=106 

0.341 0.245 

Whole Brain 

Comparison of Trace at visit 1 
and visit 3 by group 

LOLA v1= 18.0 

Placebo v1= 17.15 

LOLA v3 = 18.64 

Placebo v3 = 16.7 

Mann Whitney 
U1=133 

U3=124 

0.823 0.592 

 

Absolute values of Trace showed a trend for increase with LOLA and decreased with Placebo but were 

non-significant. 

On Comparison of Absolute Trace Corpus Callosum Body Ranked values LOLA and Placebo groups on 

visit 1 were ranked 17.71 and 17.35; the distributions in the two groups did not vary significantly 

(MWU =137, n1=14 n2=20, p=0.931 two-tailed. Absolute TR Corpus Callosum Body Ranked values of 

v3 in LOLA and Placebo groups on visit 3 were 18.36 and 16.9; the distributions in the two groups did 

not vary significantly (MWU =128, n1=14 n2=20, p=0.691, two-tailed). 

On Comparison of Absolute Trace Genu Corpus Callosum Ranked values LOLA and Placebo groups on 

visit 1 were 17.71 and 17.35; the distributions in the two groups did not vary significantly (MWU =137, 

n1=14 n2=20, p=0.931, two-tailed. Absolute TR Genu Corpus Callosum Body Ranked values of v3 in 

LOLA and Placebo groups on visit 3 were 17.21 and 17.71; the distributions in the two groups did not 

vary significantly (MWU =136, n1=14 n2=20, p=0.904, two-tailed). 

On Comparison of Absolute Trace Splenium Corpus Callosum Ranked values LOLA and Placebo groups 

on visit 1 were 19.50 and 16.10; the distributions in the two groups did not vary significantly (MWU 
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=112, n1=14 n2=20, p=0.341, two-tailed. Absolute Trace Splenium Corpus Callosum Body Ranked 

values of v3 in LOLA and Placebo groups on visit 3 were 19.93 and 15.08; the distributions in the two 

groups did not vary significantly (MWU =106, n1=14 n2=20, p=0.245, two-tailed.) 

On Comparison of Absolute Trace Whole Brain White Matter Ranked values LOLA and Placebo groups 

on visit 1 were 18.0 and 17.15; the distributions in the two groups did not vary significantly (MWU 

=133, n1=14 n2=20, p=0.823, two-tailed. Absolute Trace Corpus Callosum Body Ranked values of v3 

in LOLA and Placebo groups on visit 3 were 18.64 and 16.7; the distributions in the two groups did not 

vary significantly (MWU =124, n1=14 n2=20, p=0.592, two-tailed). 

Table 7.12. The difference in Trace over time (visit 3-visit1) where, U= U value 

Trace difference after 12 weeks of 
LOLA or Placebo Mean Ranks Statistical test p-value  

Body CC Difference LOLA = 20.21 

Placebo = 15.60 

Mann Whitney 

U=102 

0.192 

Genu CC Difference LOLA = 18.64 

Placebo = 16.70 

Mann Whitney 

U=124 

0.592 

Splenium CC Difference LOLA = 21.14 

Placebo = 14.95 

Mann Whitney 

U=89 

0.077 

WM Difference LOLA = 21.00 

Placebo = 15.05 

Mann Whitney 

U=91 

0.090 

 

Change in Trace values appeared higher in LOLA arm compared with Placebo, but this was non-

significant. 

On Comparison of change in Trace Corpus Callosum Body values LOLA and Placebo groups were 

ranked 20.21 and 15.60 the distributions in the two groups did not vary significantly (MWU =102, 

n1=14 n2=20, p=0.192, two-tailed. On Comparison of change in Trace Genu Corpus Callosum values 

LOLA and Placebo groups were ranked 18.64 and 16.70, the distributions in the two groups did not 

vary significantly (MWU =124, n=14, n2=20, p=0.592, two-tailed. On Comparison of change in Trace 

Splenium Corpus Callosum values LOLA and Placebo groups were ranked 21.14 and 14.95; the 

distributions in the two groups were not significantly different (MWU =89, n1=14 n2=20, p=0.077, 

two-tailed. On Comparison of change in Trace Whole Brain White Matter values LOLA and Placebo 

groups were ranked 21.00 and 15.05; the distributions in the two groups were not significantly 

different (MWU =91, n1=14 n2=20, p=0.090, two-tailed.  
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 DTI Discussion 

The only significant changes were in the region of the splenium of the corpus callosum. The CC is a 

long enough fibre bundle for the direction of fibre running to mostly agree and produce tract images. 

The posterior end or thickest part is called splenium, where these changes occurred. As such, it is not 

surprising that if there were a structural difference observed in a low power study such as this, it 

would be the most likely location to identify the effect.  

 Previous alcohol misuse was prevalent amongst my study population and it is well known alcohol 

misuse correlates with a thinning out of Corpus callosum, even in individuals who have not yet 

developed cirrhosis of the liver (Harper and Kril, 1988). This land-mark study was able to demonstrate 

this on autopsy finding of harmful drinker even in the absence of liver, disease, amnesia or HE. It 

therefore seems likely that some structural changes will be found in my study population as even if 

now abstinent, those with alcohol as the aetiology for their cirrhosis are likely to have consumed 

sufficient lifetime doses of alcohol already. This finding has been replicated in MR studies (Estruch et 

al., 1997), (Pfefferbaum et al., 1996). It is worth remembering than Marchiafava Bignani is a primary 

degenerative disease of the corpus callosum resulting in demyelination and necrosis which occurs 

rarely, but most frequently in the context of alcoholism; however, this usually has typical MR 

appearances (Gambini et al., 2003). Acutely, the CC may look swollen on MR and chronically atrophic. 

Perhaps if this study was repeated to include all aetiology of cirrhosis except alcohol, new insights into 

Corpus Callosal microstructure may be discovered. 

Significant changes at the splenium at 12 weeks were found to occur when the change in FA was 

measured (p=0.025). Baseline values were not entirely comparable, which makes the comparison 

difficult. The only changes in whole-brain white matter effects were confined to FA (p=0.017), in 

keeping with significant FA change described in the splenium and to change whole-brain white matter 

RD (p=0.047). 

FA usually decreases with age (Abe et al., 2002); this phenomenon is thought to reflect fibre density, 

axonal diameter and myelination in WM (Mazziotta et al., 1995). The ADC treats all water movement 

as being the product of Brownian motion only and ignores all local effects and structures, e.g. fibre 

tracts. The magnitude of ADC depends on where in the brain it is measured, i.e. faster along an axon 

than cutting through it at 90°, but generally, it increases with age. RD increases with advancing age 

and demyelinating pathology. The Trace value is obtained by averaging source images and it is 

sensitive to diffusion in different directions. 
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The four of seven outliers had alcohol-related aetiology; all four of these had abnormal T1 images. 

Five outliers were in the LOLA group, subjects 11, 13, 14, 25 and 30, due to various reasons (PSC, 

NAFLD/HCV, alcohol, alcohol and HCV) and only two subjects; 5 and 15 due to alcohol, one of them 

with an abnormal T1 in the placebo group. Subject 13 (outlier 7), who is also a major or extreme 

outlier, and subject 14 (outlier 29), that occurred most frequently, were subjects with alcohol-related 

cirrhosis. Over half of the outliers were due to ALD except three subjects, two of whom had HCV, and 

one had PSC as the aetiology for their chronic liver disease. While adequately powered for the 

primary-endpoint, this group may be too heterogenous for sub analysis. Performing screening T1 

scans could be used to exclude those with severe cortical atrophy from future studies.  

When considering the T1 images, 4/7 brains showed mild to moderate volume loss.  

It must be noted that outlier handling by SPSS v.25 uses 1.5 times the size of the interquartile and 

three times the interquartile range to denote an extreme outlier signified by an asterisk. Researchers 

such as Hoaglin et al suggest the 1.5 cut-off leads to an overestimation of outliers by 50%; they 

recommend the cut-off of 2.2 times the IQR to accurately identify outliers as x3 is too extreme a value 

(Hoaglin and Iglewicz, 1986). 

Subtle structural abnormalities in the outliers who were mostly recovered chronic alcoholics, and did 

not meet study exclusion criteria may explain the lack of other findings, such as LOLA treatment 

benefit, in this study. If baseline T1 imaging had been performed before recruitment, some of these 

baseline differences might have been known in advance. While important for all aspects of MR study 

these cases of cortical atrophy and white matter change had the most crucially relevance to this 

chapter namely the study of cortical thickness, area and volume and of white-matter microstructure, 

based primarily on the study of the largest white matter fibre tract, the corpus callosum. 
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Chapter 8 

Brain Functional Changes with LOLA 
Results fMRI Task data and Resting data 

8.1 fMRI Task Results 

fMRI relies on the contrast between oxygenated and deoxygenated blood in the brain Active brain 

regions use more oxygen. 

Below is an activation map (Figure 8.1) showing the whole-brain pattern of regional BOLD relative 

activation and deactivation for the two tasks averaged across all 34 patients for all three visits (visit 2 

data are missing for subject 10). We observe the expected patterns of activation across higher-order 

visual and executive systems across striatal, occipital, parietal and frontal regions given the 

visual/decision making aspects of the tasks. These results are qualitatively comparable with those 

reported in non-maximum likelihood estimation (MLE)40. 

 

 
40 Most previous fMRI studies have used MLE (Ahn et al 2011), this means in group level analysis free 

parameters are assumed to be homogenous across participants and no individual differences are taken 
into account. 
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 Increased activation during task performance 

 Decreased activation during task performance 

Figure 8.1. Mean activation during Working Memory and Choice Reaction Time task performance. Warm 

colours show increased activation for the task and cooler colours relative to deactivation. 

Results are corrected for multiple comparisons with a cluster correction threshold of z>2.3. 

When the two treatment groups were compared, no significant differences between placebo and 

LOLA were revealed when cluster correcting for multiple comparisons. To supplement the whole-brain 

pattern of activation, additional Region of interest (ROI) sub-analysis were run, with fewer 

comparisons and so potentially greater statistical sensitivity. To this end, ROIs were defined based on 

the average group maps shown in the figure above. Table 8.1 displays Mean activation calculated for 

each task from each area per visit, by subject. ROIs were defined for each task based on the 

Neurosynth meta-analysis. This resulted in six ROIs; ROIs associated with working memory, CRT and 

cognitive control meta-analysis and one from the DMN (corresponding to generic relative BOLD 

deactivation with the task). See appendix for Table A10, which displays the total sum of activation per 

ROI Per task by Subject. 

Figures 8.1-8.4 present these data graphically. 

These are displayed graphically in a series of dot plots where each dot represents a subject. See Figures 

8.1-3 for total activation, activation by ROI visit 1 and activation by ROI on visit 3, respectively.
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Table 8.1. Mean activation calculated for each task from each area per visit, by subject 

Subject 

Sum 
WM_C
ogC1 

Sum 
WM_D
MN1 

SumW
M_W
M1 

Sum 
CRT_C
ogCont
rol1 

SumCR
T_DM
N1 

SumCR
T_WM
1 

Sum 
WM_C
ogC2 

SumW
M_DM
N2 

SumW
M_W
M2 

Sum 
CRT_C
ogCont
rol2 

Sum 
CRT_D
MN2 

Sum 
CRT_W
M2 

Sum 
WM_
CogC3 

Sum of 
WM_D
MN3 

Sum of 
WM_
WM3 

Sum 
CRT_C
ogCont
rol3 

Sum 
CRT_D
MN 

Sum 
CRT_W
M3 

1 49.48 -5.49 37.7 33.37 -12.59 34.15 21.27 -17.95 12.38 28.08 -14.4 26.91 21.75 -20.47 13.98 33.55 -17.43 25.38 

2 24.48 4.48 25.45 18.81 -2.46 27.28 22.44 -4.93 17.31 14.39 -7.4 17.27 11.29 -0.26 10.82 2.12 -10.45 5.91 

3 28.95 6.27 39.69 12.33 -9.52 20.53 40.29 15.49 56.14 14.53 2.32 25.82 3.94 -16.76 1.39 28.62 6.88 43.83 

4 14.86 -1.88 19.1 2.23 4.86 6.32 4.3 -12.15 8.45 15.91 -13.79 9.89 3.96 -0.22 9.66 -12.7 -37.08 -13 

5 25.29 -4.95 30.35 29 27.62 31.7 -8.17 -17.54 4.12 10.62 -9.79 19.78 -1.6 -13.53 9.1 -4.46 -4.63 13.59 

6 27.09 -11.32 20.57 29.77 5.66 31.35 32.68 -1.16 23.22 36.61 2.22 30.94 24.38 0.48 22.91 24.92 -0.85 28.12 

7 16.83 1.46 24.55 -29.17 -39.53 -12.49 6.45 -1.12 11.73 42.89 18.02 44.99 27.8 13.73 40.97 24.03 -2.69 34.23 

8 42.33 11.97 39.32 22 -8.46 30.77 38.78 17.89 35.45 20.02 -6.64 27.52 40.83 11.04 39.52 30.09 -3.13 29.26 

9 4.35 -18.64 8.56 3.33 -31.47 23.05 14.64 -14.3 21.3 6.58 -14.89 25.33 9.68 -19 14.91 7.33 -17.29 30.31 

10 22.98 18.5 24.56 -6.63 -5.26 -5.7             5.11 -9.98 -10.72 -28.96 -62.81 -39.99 

11 9.91 -12.68 9.2 13.97 -15.83 11.14 27.96 -11.88 20.18 23.85 -16.73 15.75 10.67 -15.37 4.85 9.8 -8.03 10.87 

12 34.83 -7.97 20.83 51.14 -10.32 37.71 23.8 -17.86 15.66 26.54 -12.46 17.43 5.34 -11.93 -2.4 2.56 -1.45 1.46 

13 56.93 11.77 41.02 4.42 -0.43 -3.32 22.06 -14.96 12.99 24.23 1.47 17.71 34.48 -10.47 30.09 9.1 6.18 11.19 

14 30.78 -0.91 33.6 13.08 2.47 17.52 16.87 -10.31 14.32 15.79 13.68 26.35 23.93 2.71 21.88 15.41 -13.45 18.37 

15 7.52 -17.67 7.91 -12.32 -14.33 -7.49 6.41 -24.51 2.41 6.63 -10.68 5.69 20.41 -13.95 18.93 5.37 -14.49 4.99 

16 45.12 4.3 36.1 17.89 0.36 23.58 49.34 0.17 40.76 24.46 5.71 27.12 22.22 3.43 16.84 31.72 1.55 29.92 

17 34.29 1.12 41.25 14.96 -10.63 18.11 36.46 -6.39 32.73 30.11 -7.51 25.12 16.93 -25.6 7.28 14.59 -20.22 15.47 

18 23.9 -0.19 28.25 9.74 -20.05 9.72 14.98 -1.21 24.37 7.95 -1.1 4.35 19.88 -6.2 28.6 -2.51 -6.71 5.74 



316 

Subject 

Sum 
WM_C
ogC1 

Sum 
WM_D
MN1 

SumW
M_W
M1 

Sum 
CRT_C
ogCont
rol1 

SumCR
T_DM
N1 

SumCR
T_WM
1 

Sum 
WM_C
ogC2 

SumW
M_DM
N2 

SumW
M_W
M2 

Sum 
CRT_C
ogCont
rol2 

Sum 
CRT_D
MN2 

Sum 
CRT_W
M2 

Sum 
WM_
CogC3 

Sum of 
WM_D
MN3 

Sum of 
WM_
WM3 

Sum 
CRT_C
ogCont
rol3 

Sum 
CRT_D
MN 

Sum 
CRT_W
M3 

19 33.57 -34.61 -13.38 16.82 -10.82 11.44 9.49 -19.71 7.93 23.01 -14.17 17.41 -70.24 -110.89 -93.74 19.74 -42.95 -1.14 

20 40.2 10.02 49.19 18.62 9.64 24.74 24.48 -2.26 34.13 2.63 -7.25 17.54 10.84 -20.35 8.61 47.54 18.69 44.63 

21 22.47 -7.59 22.37 13.33 -7.73 25.14                         

22 42.79 -1.15 30.12 57.09 -15.31 46.33 55.84 3.19 45.6 54.61 -18.29 44.26 60.08 10.86 46.66 37.67 -12.3 26.88 

23 6.87 -11.14 18.8 -7.84 -9.37 2.46 30.3 -2.24 35.56 17.08 11.93 23.03 19 -6.68 22.21 -3.98 -2.43 -13.51 

24 8.34 -24.63 8.62 7.92 -18.66 16.39 11.46 -7.38 21.18 2.27 -12.7 5.62 10.28 -19.11 18.04 8.56 -5.15 17.25 

25 20.5 9.87 15.44 4.89 -9.15 3.58 13.82 4.8 6.64 29.73 9.19 19.25 42.53 12.5 38.57 42.62 12.51 38.55 

26 -0.54 -15.99 -3.07 9.06 -8.93 -1.41 32.16 -5.27 21.28 -10.34 -20.43 -3.68 28.78 -2.64 26.03 4.31 -6.08 5.66 

27 46.4 8.57 48.12 3.34 -3.97 10.89 25.88 -2.43 22.3 8.75 -17.21 8.93 14 -17.1 15.02 13.73 -21.02 12.78 

28 9.76 1.1 11.7 -0.97 -17.39 1.79 17.89 10.03 22.96 7.28 -10.58 9.81 3.81 6.07 23.12 -8.01 -3.04 -1.98 

29 47.03 -1.96 58.19 42.55 -23.6 37.12 38.2 -1.98 47.79 40.27 -6.81 33.9 45.63 9.25 54.14 29.9 -9.78 31.62 

30 34 7.36 38.28 -12.43 -8.32 -15.14 27.38 -6.43 30.58 20.67 -4.08 27.36 50.73 6.96 52.27 54.18 -1.08 66.47 

31 62.35 39.29 73.57 3.18 -30.71 -2.87 10.95 -51.91 -15.52 -3.08 -26.16 -6.19 24.8 1.3 7.71 4.75 -13.18 17.02 

32 14.03 5.22 25.01 8.64 -18.85 15.58 24.95 4.91 38.16 -8.12 -43.38 5.31 32.22 -3.29 36.82 4.1 -25.71 14.91 

33 27.86 0.1 29.74 0.07 -19.23 1.58 18.97 -1.75 20.16 9.77 -13.63 9.95 15.91 -12.51 24.11 11.96 -4.76 10.86 

34 31.32 -20.77 30.36 4.07 -15.24 7.54 16.21 -25.12 11.92 27.84 -4.74 21.43 27.3 -24.78 24.36 14.63 -17.1 11.35 

Grand 
Total 

945.16 -65.47 925.05 453.12 -353.88 526.19 728.56 -226.27 704.17 571.57 -250.28 601.9 616.66 -302.77 582.54 472.28 -339.46 536.99 
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The dot plot below Figure 8.2 shows in general terms, variation in total activations (no units) during 

each of the six task-related ROIs on all three visit days. These activations seem higher in the placebo 

arm. The red circles, denoting LOLA subjects, by contrast, seem to be grouped closer together but are 

lower overall, except in CRT-DMN where a LOLA subject appears to have the highest value. 

 

Figure 8.2. Total activation per subject per task (no units of measurement) (all visits) where the red 

circles represent a single LOLA group subject’s activation on a given visit for the region 

specified in the x-axis, and the blue circles represent a single subject’s activation in the 

placebo arm on a given visit and region. 

Total activation per subject visit 1 or at baseline is shown overleaf in the dot plot of activation per 

task-related ROI  (Figure 8.3). The range of activations is highest for the placebo group at baseline on 

visual inspection except in the Sum CRT-WM, where they appear similar, with the highest value per 

ROI also from the Placebo group in all six regions. 
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Figure 8.3. Total activation per subject visit 1 (no units of measurement) only where the red circles 

represent a single LOLA group subject’s activation on a visit 1 for the ROI specified in the x-

axis, and the blue circles represent a single subject’s activation in the placebo arm on a  visit 

1 for ROI specified. 

After treatment for 12 weeks, the range of activation was larger for the Placebo group, with the lowest 

individual activation measured in all six task-related ROIs occurring in this group (Figure 8.4). 

Interestingly, post-treatment the subject responsible for peak activation for that task was one from 

the LOLA group in at least three of the six tasks (Sum CRT-CogControl, Sum CRT-DMN, Sum CRT-WM). 
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Figure 8.4. Total activation per subject visit 3 (no units of measurement) only  where the red circles 

represent a single LOLA group subject’s activation on  visit 3 for the ROI specified in the x-

axis, and the blue circles represent a single subject’s activation in the Placebo arm on visit 3 

and ROI specified. 

Figure 8.5 is a dot plot of the difference in activation at each ROI by subject (visit 3 activations minus 

visit 1 activations). This plot identifies that the difference in activation was higher in the placebo group 

overall, in all six tasks after 12 weeks of randomisation to either LOLA or Placebo; with the lowest 

difference in activation overall seen in LOLA arm subjects in ROI domains of CRT Cog control and CRT 

WM. In all six ROIs, the highest range of variation was in the Placebo arm. 
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Figure 8.5. Difference in the sum of activation per subject, visit 3 – visit 1 (no units of measurement), 

where red circles represent a single LOLA group subject’s difference in activation across the 

whole 12-week study for the region specified in the x-axis, and the blue circles represent a 

single subject’s difference in activation across whole 12-week study for the region specified 

in the x-axis, in the Placebo arm. 

Please refer to Table A10 in the Appendix for summed total activations per task by subject. 

Before the task and resting, data can be interpreted further, see also Appendix for a summary table 

(Table A1) of relevant subject factors, whether T1 study was normal, a previous history of depression 

and the aetiology of the liver disease. 

Non-parametric Mann-Whitney U tests41 (Field et al., 2012) were used both to mitigate the effects of 

outliers and because the data was non-normal using Kolmogorov Smirnov tests. The Mann-Whitney 

U tests42 showed that there was a small difference between treatment groups for the choice reaction 

time data from the default mode network ROI at visit 3 (Table 8.1). Results for other ROIs and the 

working memory task did not suggest significant differences. Note, the results presented here are not 

 
41  This the non-parametric alternative to an independent samples t-test. It compares how many times the 

score from one group eg LOLA group is higher than the scores from the Placebo group. Scores from both 
groups are ranked together. Rank 1 is the lowest score and rank 2 the next lowest and so on. After ranking 
calculations can be completed on the ranks. 

42  Please refer to (Field et al., 2012) for Rationale for using MWU testing. 
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corrected for the multiple tests (ROI x tasks); If Bonferroni correction is applied to the data, neither 

task or resting state results are significant. Given, this is only an initial study, a more liberal approach 

was taken to identify possible regions of interest for future studies, but caution is needed in over-

interpretation for these exploratory results. 

A series of Mann Whitney U tests follow, where ‘U’ denotes Mann Whitney U statistic, n1 the number 

of subjects in LOLA arm and n2 the number of subjects in the Placebo arm, the null hypothesis that 

there is no difference in (the ranked) activation patterns between both treatment groups is accepted 

if p-value is insignificant (p>0.05).  

Ranked values of WM Cognitive Control Activations in LOLA and Placebo groups on visit 1 were 17.4 

and 18.45; the distributions in the two groups did not vary significantly (MWU =141, n1=14 n2=20, 

p=0.780, two-tailed). Ranked values of Cognitive Control Activations in LOLA and Placebo groups on 

visit 3 were 16.14 and 17.63; the distributions in the two groups did not vary significantly (MWU =121, 

n1=14 n2=20, p=0.679, two-tailed). 

Ranked values of WM Default mode Network Activations in LOLA and Placebo groups on visit 1 were 

19.6 and 16.8; the distributions in the two groups did not vary significantly (MWU =126, n1=14 n2=20, 

p=0.438 two-tailed). Ranked values of WM Default mode Network Activations in LOLA and Placebo 

groups on visit 3 were 17.57 and 16.58; the distributions in the two groups did not vary significantly 

(MWU =125, n1=14 n2=20, p=0.788, two-tailed). 

Ranked values of Working Memory, Working Memory Activations in LOLA and Placebo groups on visit 

1 were 17.6 and 18.3; the distributions in the two groups did not vary significantly (MWU =141, n1=14 

n2=20, p=0.856 two-tailed). Ranked values of  Working Memory, Working Memory Activations in LOLA 

and Placebo groups on visit 3 were 16.14 and 17.63; the distributions in the two groups did not vary 

significantly (MWU =121, n1=14 n2=20, p=0.679, two-tailed). 

Ranked values of CRT Cognitive Control Activations in LOLA and Placebo groups on visit 1 were 18.13 

and 17.9; the distributions in the two groups did not vary significantly (MWU=148, n1=14 n2=20, 

p=0.951 two-tailed). Ranked values of CRT Cognitive Control Activations in LOLA and Placebo groups 

on visit 3 were 17.07 and 16.95; the distributions in the two groups did not vary significantly 

(MWU=132, n1=14 n2=20, p=0.986 two-tailed).  

Ranked values of CRT Default mode Network Activations in LOLA and Placebo groups on visit 1 were 

21.15 and 15.65; the distributions in the two groups did not vary significantly (MWU =103, n1=14 

n2=20, p=0.122, two-tailed). Ranked values of CRT Default mode Network Activations in LOLA and 
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Placebo groups on visit 3 were 21.36 and 13.79; the distributions in the two groups did vary 

significantly (MWU =72, n1=14 n2=20, p=0.026, two-tailed). 

Ranked values of CRT Working Memory Network Activation in LOLA and Placebo groups on visit 1 were 

18.33 and 17.75; the distributions in the two groups did not vary significantly (MWU =103, n1=14 

n2=20, p=0.822, two-tailed). Ranked values of CRT Working Memory Network Activation in LOLA and 

Placebo groups on visit 3 were 17.07 and 16.95; the distributions in the two groups did not vary 

significantly (MWU =72, n1=14 n2=20, p=0.986, two-tailed). 

Table 8.2. Summarising Mean Ranks and results of Mann Whitney Testing where each ROI was tested where 

U1 is visit 1 U value and U3 is visit 3 U value 

ROI/Task Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Sum WM Cognitive 
Control LOLA group 
compared with Placebo 

LOLA v1= 17.4 

Placebo v1= 18.45 

LOLA v3 = 16.14 

Placebo v3= 17.63 

Mann Whitney 

U1=141 

U3=121 

0.780 0.679 

Sum WM DMN LOLA 
group compared with 
Placebo  

LOLA v1 = 19.6 

Placebo v1 = 16.8 

LOLA v3 = 17.57 

Placebo v3 = 16.58 

Mann Whitney 

U1=126 

U3=125 

0.438 0.788 

Sum WM WM LOLA 
group compared with 
Placebo 

LOLA v1 = 17.6 

Placebo v1 = 18.3 

LOLA v3 = 16.14 

Placebo v3 = 17.63 

Mann Whitney 

U1=141 

U3=121 

0.856 0.679 

Sum CRT Cognitive 
Control LOLA group 
compared with Placebo 

LOLA v1 = 18.13 

Placebo v1 = 17.90 

LOLA v3 = 17.07 

Placebo v3 = 16.95 

Mann Whitney 

U1=103 

U3=72 

0.961 0.986 

Sum CRT DMN LOLA 
group compared with 
Placebo 

LOLA v1= 21.15 

Placebo v1= 15.65 

LOLA v3= 21.36 

Placebo v3 = 13.79 

Mann Whitney 

U=103 

U3=72 

0.122 0.026 

Sum CRT WM LOLA 
group compared with 
Placebo 

LOLA v1= 18.33 

Placebo v1 = 17.75 

LOLA v3 = 17.07 

Placebo v3 = 16.95 

Mann Whitney 

U1=103 

U3=72 

0.822 0.986 
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The only significant treatment difference seen was in the CRT DMN region of interest. See Figure 8.6 

and Figure 8.7 below for a graphical representation of the Mann Whitney test below. 

 

Figure 8.6. Differences in activations in DMN-CRT in LOLA (blue) and Placebo groups (green) on visit 1  
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Figure 8.7. Differences in activations in DMN-CRT in LOLA (blue) and Placebo groups (green) on visit 3 

8.2 Resting-State Data 

Intrinsic connectivity networks defined by Smith and colleagues (Smith et al., 2009) were projected 

onto the resting state data. Some of the intrinsic connectivity networks from Smith’s work (Smith et 

al., 2009) are known to be non-neural noise (e.g., movement artefact, physiological noise). These were 

identified because they were either outside the brain or primarily in white matter or cerebrospinal 

fluid. This left a set of networks that for convenience have been labelled based loosely on their broad 

anatomical distribution (Motor Area 1 Auditory Area1, Visual Area 1, Default Mode Network, Fronto-

Parieto Area1, Visual Area 2, Fronto-Parieto Area2, Left Fronto-Parieto Area, Right Fronto-Parieto 
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Area, Fronto-Parieto Area3, Visual Area 3, Visual Area 4). Dual regression was used to determine how 

coherent the BOLD signal was within each network for each participant and visit. 

The distribution of network coherence across individuals can be seen in Figure 8.8 below. As with the 

task fMRI, concerns about non-Gaussian data distribution and outliers meant that non-parametric 

Man-Whitney U tests were used to investigate differences between treatment groups. Most Placebo 

group subjects appear to have a lower level of resting network activation and often the subject with 

the lowest reading in that resting network belongs to the Placebo group. 

LOLA group subjects were often responsible for the highest activation level at baseline in eight 

networks (excluding noise) including the DMN, motor 1, auditory 1, visual 2, fronto parietal 2, left FPa 

and visual area 4. 

 

Figure 8.8. Resting-state functional connectivity per subject on visit day 1 (no units of measurement). 

Each circle represents a given subject on a baseline day, where the red circles represent a 

single LOLA group subject’s visit 1 activation for the region specified in the x-axis, and the 

blue circles represent a single subject’s visit 1 activation in the Placebo arm. 

Figure 8.9 shows the resting-state functional connectivity after three months of treatment. Far fewer 

LOLA group subjects were responsible for the highest activation level at week 12 (excluding noise) 

compared to eight networks (excluding noise) including the DMN, motor 1, auditory 1, visual 2, fronto 

parietal 2, left FPa and visual area 4 at baseline. 
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Figure 8.9. Resting-state functional connectivity visit 3 (no units of measurement). Each circle represents 

a given subject on a final visit day, where the red circles represent a single LOLA group 

subject’s visit 3 activation for the region specified in the x-axis, and the blue circles represent 

a single subject’s visit 3 activation in the Placebo arm. 

Figure 8.10 shows the difference in activation in the eight resting networks with visual area 1 showing 

the relatively higher difference in activation in LOLA group. In all eight resting networks, the lowest 

difference in activation was seen in the Placebo group. 
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Figure 8.10. The difference in the sum of resting activation or of resting-state functional connectivity per 

subject visit 3-visit1(no units of measurement) where the red circles represent a single LOLA 

group subject’s difference in resting-state functional connectivity across the whole 12-week 

study for the region specified and the blue circles represent a single subject’s difference in 

resting-state functional connectivity across whole 12-week study for the region specified, in 

the Placebo arm. 

A further series of Mann Whitney U tests follow (Table 8.3), to examine resting state differences again, 

where ‘U’ denotes Mann Whitney U statistic, n1 the number of subjects in LOLA arm and n2 the 

number of subjects in the placebo arm, the null hypothesis that there is no difference in (ranked) 

activation patterns between both treatment groups, is accepted if p-value is insignificant (p>0.05).  

Ranked Motor Area 1 Activation in LOLA and Placebo groups on visit 1 were 16.14 and 18.45; the 

distributions in the two groups did not vary significantly (MWU = 121, n1=14 n2=20, p=0.506, two-

tailed). Ranked values of Motor Area 1 activation in LOLA and Placebo groups on visit 3 were 21.21 

and 14.9; the distributions in the two groups did not vary significantly (MWU = 88, n1=14 n2=20, 

p=0.069, two-tailed). 

Ranked Auditory Area 1 Activations in LOLA and Placebo groups on visit 1 were 15.86 and 18.65; the 

distributions in the two groups did not vary significantly (MWU = 117, n1=14 n2=20, p=0.436, two-

tailed). Ranked values of Auditory Area 1 activations in LOLA and Placebo groups on visit 3 were 19.5 
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and 16.1; the distributions in the two groups did not vary significantly (MWU = 112, n1=14 n2=20, 

p=0.341, two-tailed). 

Ranked Visual Area 1 Activations in LOLA and Placebo groups on visit 1 were 15.29 and 19.05; the 

distributions in the two groups did not vary significantly (MWU = 109, n1=14 n2=20, p=0.290, two-

tailed). Ranked values of  Visual Area 1 activations in LOLA and Placebo groups on visit 3 were 21.00 

and 15.05; the distributions in the two groups did not vary significantly (MWU = 91, n1=14 n2=20, 

p=0.090, two-tailed.) 

Ranked Default Mode Network Activations in LOLA and Placebo groups on visit 1 were 16.29 and 

18.35; the distributions in the two groups did not vary significantly (MWU = 123, n1=14 n2=20, 

p=0.569, two-tailed). Ranked values of  Default Mode Network Activations in LOLA and Placebo groups 

on visit 3 were 20.64 and 15.3; the distributions in the two groups did not vary significantly (MWU = 

96, n1=14 n2=20, p=0.129, two-tailed). 

Ranked Fronto-Parietal Area 1 Activations in LOLA and Placebo groups on visit 1 were 14.21 and 19.8; 

the distributions in the two groups did not vary significantly (MWU = 94, n1=14 n2=20, p= 0.112, two-

tailed). Ranked values of  Fronto-Parietal Area 1 Activations in LOLA and Placebo groups on visit 3 

were 18.5 and 16.8; the distributions in the two groups did not vary significantly (MWU = 126, n1=14 

n2=20, p= 0.641, two-tailed). 

Ranked Visual Area 2 Activations in LOLA and Placebo groups on visit 1 were 17.79 and 17.3; the 

distributions in the two groups did not vary significantly (MWU =136, n1=14 n2=20, p=0.889, two-

tailed). Ranked values of Visual Area 2 activations in LOLA and Placebo groups on visit 3 were 22.21 

and 14.2; the distributions in the two groups did vary significantly (MWU =74, n1=14 n2=20, p=0.021, 

two-tailed). 

Ranked Frontoparietal Area 2 Activations in LOLA and Placebo groups on visit 1 were 18.43 and 16.85; 

the distributions in the two groups did not vary significantly (MWU =127, n1=14 n2=20, p=0.649, two-

tailed). Median Frontoparietal Area 2 Activations in LOLA and Placebo groups on visit 3 were 18.79 

and 16.6; the distributions in the two groups did not vary significantly (MWU =122, n1=14 n2=20, 

p=0.529, two-tailed). 

Ranked Left Fronto Parietal Area Activations in LOLA and Placebo groups on visit 1 were 13.57 and 

20.25; the distributions in the two groups did not vary significantly (MWU =85, n1=14 n2=20, p=0.056, 

two-tailed. Ranked values of  Left Fronto Parietal Area Activations in LOLA and Placebo groups on visit 
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3 were 18.79 and 16.6; the distributions in the two groups did not vary significantly (MWU =122, n1=14 

n2=20, p=0.545, two-tailed). 

Ranked Right Fronto Parietal Area Activations in LOLA and Placebo groups on visit 1 were 16.71 and 

18.05; the distributions in the two groups did not vary significantly (MWU =129, n1=14 n2=20, 

p=0.717), two-tailed. Ranked values of  Right Fronto Parietal Area Activations Auditory Area 1 in LOLA 

and Placebo groups on visit 3 were 19.57 and 16.05; the distributions in the two groups did not vary 

significantly (MWU =111 , n1=14 n2=20, p=0.323, two-tailed). 

Ranked Fronto-Parietal Area 3 Activations in LOLA and Placebo groups on visit 1 were 15.86 and 18.65; 

the distributions in the two groups did not vary significantly (MWU =117, n1=14 n2=20, p=0.436, two-

tailed). Ranked values of Fronto-Parietal Area 3 Activations in LOLA and Placebo groups on visit 3 were 

18.21 and 17.0; the distributions in the two groups did not vary significantly (MWU =130, n1=14 

n2=20, p=0.743, two-tailed). 

Ranked Visual Area 3 Activations in LOLA and Placebo groups on visit 1 were 15.86 and 18.65; the 

distributions in the two groups did not vary significantly (MWU =92, n1=14 n2=20, p=0.093, two-tailed). 

Ranked values of Visual Area 3 activations in LOLA and Placebo groups on visit 3 were 19.07 and 16.4; 

the distributions in the two groups did not vary significantly (MWU =118, n1=14 n2=20, p=0.441, two-

tailed). 

Ranked Visual Area 4 Activations in LOLA and Placebo groups on visit 1 were 15.86 and 18.65; the 

distributions in the two groups did not vary significantly (MWU =136, n1=14 n2=20, p=0.436, two-tailed). 

Ranked values of Visual Area 4 activations in LOLA and Placebo groups on visit 3 were 19.5 and 16.1; the 

distributions in the two groups did not vary significantly (MWU =122, n1=14 n2=20, p=0.341, two-tailed). 

Table 8.3 below shows the 12 resting network activations, after exclusion of noise networks in each 

of the 34 study participants. 
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Table 8.3. Summarising Mean Ranks and results of Mann Whitney Testing where each Resting-state 

network was compared in both LOLA and placebo groups at visit 1 and visit 3 where U1 is 

visit 1 U value and U3 is visit 3 U value 

ROI/Task Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Motor Area 1  LOLA visit 1= 16.14 

Placebo visit 1= 18.45 

LOLA visit 3= 21.21 

Placebo visit 3= 14.9 

Mann whitney 
U1=121 

U3=88 

0.506 0.069 

Auditory Area 1 LOLA visit 1= 15.86 

Placebo visit 1= 18.65 

LOLA visit 3= 19.5 

Placebo visit 3= 16.1 

Mann whitney 
U1=117 

U3=112 

0.436 0.341 

Visual Area 1 LOLA visit 1= 15.29 

Placebo visit 1= 19.05 

LOLA visit 3= 21.00 

Placebo visit 3= 15.05  

Mann whitney 
U1=109 

U3=91 

0.290 0.090 

Default Mode Network LOLA visit 1= 16.29 

Placebo visit 1= 18.35 

LOLA visit 3= 20.64 

Placebo visit 3= 15.3 

Mann whitney 
U1=123 

U3=96 

0.569 0.129 

Fronto-Parietal Area 1 LOLA visit 1= 14.21 

Placebo visit 1= 19.8 

LOLA visit 3= 18.5 

Placebo visit 3= 16.8 

Mann whitney 
U1=94 

U3=126 

0.112 0.641 

Visual Area 2 LOLA visit 1= 17.79 

Placebo visit 1= 17.3 

LOLA visit 3= 22.21 

Placebo visit 3= 14.2 

Mann whitney 
U1=136 

U3=74 

0.889 0.021 

Fronto-Parietal Area 2 LOLA visit 1= 18.43 

Placebo visit 1= 16.85 

LOLA visit 3= 18.79 

Placebo visit 3= 16.6 

Mann whitney 
U1=127 

U3=122 

0.649 0.529 

Left Fronto-Parietal Area  LOLA visit 1= 13.57 

Placebo visit 1= 20.25 

LOLA visit 3= 18.79 

Placebo visit 3= 16.6 

Mann whitney 
U1=85 

U3=122 

0.056 0.545 

Right Fronto-Parietal 
Area  

LOLA visit 1= 16.71 

Placebo visit 1= 18.05 

LOLA visit 3= 19.57 

Placebo visit 3= 16.05 

Mann whitney 
U1=129 

U3=111 

0.717 0.323 
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ROI/Task Mean Ranks Statistical test p-value visit 1 p-value visit 3 

Fronto-Parietal Area 3 LOLA visit 1= 15.86 

Placebo visit 1= 18.65 

LOLA visit 3= 18.21 

Placebo visit 3= 17.0 

Mann whitney 
U1=117 

U3=130 

0.436 0.743 

Visual Area 3 LOLA visit 1= 20.93 

Placebo visit 1= 15.1 

LOLA visit 3= 19.07 

Placebo visit 3= 16.4 

Mann whitney 
U1=92 

U3=118 

0.093 0.441 

Visual Area 4 LOLA visit 1= 17.21 

Placebo visit 1= 17.7 

LOLA visit 3= 18.79 

Placebo visit 3= 16.6 

Mann whitney 
U1=136 

U3=122 

0.904 0.545 

 

Figure 8.11 and Figure 8.12 below show Visual Area 2 activation group differences LOLA and Placebo 

at visit 1 or baseline and after 12 weeks of therapy. The plots below are a graphical representation of 

the significant Mann Whitney test performed above. 
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Figure 8.11. Visit 1 difference in Visual Area 2 Activation in LOLA arm (blue) and placebo arm (green) 
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Figure 8.12. Visit 3 difference in Visual Area 2 activation in LOLA arm (blue) and placebo arm (green)  

8.3 fMRI Discussion 

fMRI is both a potentially sensitive and challenging modality in which to assess individuals with MHE 

as a small amount of movement between scans can mean the data has to be discarded as registration 

is not possible. A few of the subjects were anxious upon entering the scanner and had to be 

continuously reassured via speakers. Even small behavioural changes such as discomfort from 

biopsies, tiredness and boredom are likely to make a big difference to the signal obtained: it must not 

be forgotten that power of attention and concentration may often vary in MHE and that the scan was 

the last procedure in a 9-hour protocol. 
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One of the subjects (subject 16) had to be excluded from fMRI analysis altogether due to the failure 

of the registration step (movement artefact). This subject had alcohol-related cirrhosis, was 

randomised to the placebo arm, and T1 was mild volume loss septum pellucidum (Table 7.1 Chapter 

7). 

Many alcoholics have cortical atrophy, and many of those with HCV are ex-intravenous drug users, 

who have a pre-existing subcortical cerebrovascular disease burden. Even if they had not met the 

somewhat cruder exclusion criteria of previously known cerebrovascular accident (CVA), this means 

there are already structural differences present at baseline. This study excluded those over the age of 

65 and those with any known neurological diagnosis, personal history of heart attacks or stroke, with 

the intent of maximising participants with structurally normal brains. The T1 image reports were only 

available once the study had started, which is a weakness of this study. However, the population under 

study (chronic liver disease, the majority secondary to alcohol or HCV) were relatively unlikely to all 

have normal T1 due to the natural history of their disease. While this is an important potential 

confounder for all imaging modalities, cortical atrophy and other brain structural abnormalities are 

most relevant in fMRI where cognitive performance or improvement is being measured for a 

reversible disease process. It also confounds the structural chapters where increases and decreases in 

brain oedema may be masked by cortical atrophy, for example. Also, MRS data should be considered 

with this in mind; the challenges of fitting a correctly sized voxel at the correct location may be a 

reason for inadequate Basal Ganglia spectra (see Chapter 9). 

Exactly half of the volunteers (17/34) had a normal volume normal T1 scan, eight subjects had mild 

cortical atrophy, which was not an exclusion criterion, and nine had a T1 abnormality that was not 

mild cortical atrophy. In the latter group, most had mild subcortical cerebrovascular disease, but two 

of them had isolated lesions: one a small post-traumatic injury and in another an isolated osmotic 

pontine injury. Five subjects had a diagnosis of depression that they volunteered on direct questioning 

as this was not formally screened for in this study. 

The tasks were carefully selected for difficulty. The Working Memory task was a zero back paradigm 

and echoed the one-back card learning subtask of the second primary endpoint Cogstate 

performance. The Choice Reaction Task was much simpler and required the subject to decide if the 

chevron was pointing right or left. Tasks of similar difficulty had been previously successfully tested in 

an open-label study of the same investigational product LOLA, in a similar cohort with previous MHE 

(McPhail et al., 2013). 
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CRT_DMN was the only fMRI task result to show a significant treatment advantage (p=0.026). At visit 

1, the level of activation was comparable in both groups. However, by week 12, there was a significant 

group difference with a reduction in Sum CRT_DMN related activation with time in the Placebo arm 

and an increased network activation compared to baseline with LOLA therapy. 

The DMN has long been known as an area where those with MHE have difficulties. In health, the DMN 

is the network of brain areas that are active when an individual is awake and resting. Therefore, it 

correlates inversely with focused or task-related activity. However, it is possible that in early treated 

MHE, the opposite occurs as an attempt at compensation. 

The purpose of the resting state data is to study connections and pathways that are active when the 

subject is resting, i.e. an explicit task is not being performed. The instruction that the subject is given 

is “to keep your eyes open and think of nothing”. Some patients were quite anxious. Some were 

drowsy due to the fluctuant nature of HE; they may well have experienced more anxiety during the 

think of nothing state. One of the problems with resting-state data can be that the BOLD signal is 

contaminated by “noise” including heart rate, respiration and head movement (Murphy et al., 2013. 

Visual Area 2 was the only resting-state network to show a significant change in activation with 

treatment. Increased activation in visual area 2 may be a consequence of MHE treatment but could 

also be due to compensatory mechanisms to upregulate connectivity inherent to early stages of MHE 

itself. 

An earlier study of resting-state functional connectivity in individuals with MHE compared to controls 

(Qi et al., 2012) did demonstrate aberrant functional connectivity in Dorsal Attention Network (DAN), 

Default Mode Network (DMN), Visual Network (VN) and Auditory Network (AN) and preserved 

connectivity in sensorimotor network (SMN) and self-referential network (SRN). This study 

demonstrated decreased Fc in DAN and both increased and decreased Fc in DMN, AN and VN. The 

authors suggested that an element of overcompensation may occur in early disease concerning visual, 

auditory and DM networks. 

One limitation of this data-set, in addition to the small sample size mentioned earlier, is that the 

resources or ethical permissions to pre-screen participants with T1 MRI scanning before participation 

were not in place. That said, it would be challenging to find participants for a study on chronic liver 

disease where the main participants were either ex-alcoholics or previous intravenous drug users 

where a mild degree of cortical atrophy or small vessel disease was not present. Subjects with known 

cerebrovascular disease or significant other neurological diagnoses were of course excluded. 
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Chapter 9 

Brain Function: Proton Magnetic Resonance Spectroscopy data 

9.1 Hypotheses 

There is a difference in relative proportions of osmolytes present between the two groups: LOLA and 

Placebo on Proton spectroscopy of the brain (see later) at the three locations measured: 

1. Anterior Cingulate Cortex (ACC) 

2. Basal Ganglia (BG) 

3. Left Frontal White Matter (LFWM) 

As discussed earlier in the methods chapter SPM (version 12) was used to generate masks of white 

and grey matter probability at these voxels. LC Model (version 6.3) (Provencher, 1993) was used for 

metabolite quantification applying internal water reference method43, accounting for ROI and subject-

specific contents of white matter, grey matter and CSF. 

The LC Model equation for partial volume correction allows input of the following values; the 

alternative is to use a default value WCONC=35880. 

=
43300 + 35880 + 55556

1 −
 

where: 

 represents the real MRS visible water concentration (in mM) within the voxel of interest (VOI) 

 represents the fraction of grey matter within the VOI 

 represents the fraction of white matter within the VOI 

 represents the fraction of cerebrospinal fluid within the VOI 

 
43  Please refer to Chapter 3 for an explanation of why water was used as the internal standard.  
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Only metabolites with Cramer-Rao bounds <20% were considered (Provencher, 1993), (Violante et al., 

2016). Repeated measures analysis examined relationships between time and group per metabolite 

per region; age was included as a covariate (SPSS version 25). 

The physical location of the voxels was visually checked within Fslview for quality control. If voxels 

were not in the correct location, they were disregarded from further analysis. Other indications for 

the methodology of exclusion of unfit spectra are detailed in methods. By way of example, a poor 

quality spectrum at the ACC for subject 20 is shown below, and this was discarded due to a wandering 

baseline making it unsuitable for further analysis. 

 

Figure 9.1. An example of an LC Model analysis of ACC spectra subject 20, visit 3. 

Despite repeating several scans at the time of the acquisition, after visual inspection, spectra from 

Basal Ganglia (see Table 9.2) were still not of sufficient quality to be analysed further. This was only 

apparent after pre-processing them within LC Model. In cases where there was an unacceptable 

quantity of CSF >40% in a voxel or >, 40% GM in a region assumed to be WM the spectroscopy data 

from that region were discarded and not analysed.  

Therefore, statistical analysis was limited to ACC, and LFWM. Tables 9.1 and 9.3 below shows the 

composition by the percentage of at each voxel from which spectra have been acquired. The voxel 

composition is displayed in terms of White matter (WM,) Grey Matter (GM) or Cerebrospinal fluid, 

(CSF).  
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Table 9.1. Voxel composition at the Anterior Cingulate Cortex (ACC) on visits 1-3 by subject where pink denotes a large deviation from the mean, orange denotes a 

moderate difference from the mean and blue absent or poor quality spectra. 

subject GROUP 
ACC v1% 
WM 

ACC v1 
%GM 

ACC v1 
%CSF 

Sum of v1 
ACC voxel 

ACC v2% 
WM  

ACC v2 
%GM 

ACC v2 
%CSF 

Sum of v2 
ACC voxel 

ACC v3 
%WM  

ACC v3 
%GM 

ACC v3 
%CSF 

Sum of v3 
ACC voxel 

1 LOLA 0.0346 0.6870 0.2783 1.0000 0.0379 0.6294 0.3326 1.0000 0.0673 0.6581 0.2746 1.0000 

2 LOLA 0.0173 0.5761 0.4067 1.0000 0.0344 0.6631 0.3025 1.0000 0.0344 0.6631 0.3025 1.0000 

3 LOLA 0.0422 0.7731 0.1847 1.0000 0.0061 0.6704 0.3235 1.0000 0.0101 0.5317 0.4582 1.0000 

4 LOLA 0.0263 0.7085 0.2652 1.0000 0.1922 0.6459 0.1620 1.0000 0.0484 0.7337 0.2178 1.0000 

5 Placebo 0.0100 0.7171 0.2728 1.0000 0.0252 0.6877 0.2872 1.0000 0.0483 0.6640 0.2877 1.0000 

6 LOLA 0.0360 0.6424 0.3216 1.0000 0.0202 0.5863 0.3936 1.0000 0.0392 0.7151 0.2457 1.0000 

7 Placebo 0.0148 0.6817 0.3035 1.0000 0.0169 0.5509 0.4322 1.0000 0.0389 0.5716 0.3894 1.0000 

8 Placebo 0.0185 0.4739 0.5076 1.0000 0.0522 0.5253 0.4225 1.0000 0.0211 0.5625 0.4164 1.0000 

9 Placebo 0.1063 0.6988 0.1949 1.0000 0.1130 0.6953 0.1917 1.0000 0.1227 0.7110 0.1663 1.0000 

10 Placebo 0.0367 0.6182 0.3451 1.0000         0.0696 0.6605 0.2698 1.0000 

11 LOLA 0.0949 0.6540 0.2511 1.0000 0.0637 0.6544 0.2819 1.0000 0.0882 0.6606 0.2513 1.0000 

12 Placebo 0.0199 0.6162 0.3640 1.0000 0.0062 0.5835 0.4103 1.0000 0.0095 0.5547 0.4358 1.0000 

13 LOLA 0.0659 0.6075 0.3265 1.0000 0.0120 0.6830 0.3050 1.0000 0.0166 0.6373 0.3461 1.0000 

14 LOLA 0.0586 0.7045 0.2369 1.0000 0.0609 0.6893 0.2498 1.0000 0.0437 0.6952 0.2611 1.0000 

15 Placebo 0.0163 0.6189 0.3648 1.0000 0.0385 0.6307 0.3309 1.0000 0.0385 0.6307 0.3309 1.0000 

16 Placebo 0.0515 0.6317 0.3168 1.0000 0.0652 0.6416 0.2931 1.0000 0.0163 0.5964 0.3873 1.0000 

17 Placebo 0.0958 0.6561 0.2480 1.0000 0.1530 0.6554 0.1916 1.0000 0.0251 0.5762 0.3986 1.0000 

18 Placebo 0.0140 0.5989 0.3871 1.0000 0.0318 0.6081 0.3601 1.0000 0.0188 0.5335 0.4477 1.0000 
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subject GROUP 
ACC v1% 
WM 

ACC v1 
%GM 

ACC v1 
%CSF 

Sum of v1 
ACC voxel 

ACC v2% 
WM  

ACC v2 
%GM 

ACC v2 
%CSF 

Sum of v2 
ACC voxel 

ACC v3 
%WM  

ACC v3 
%GM 

ACC v3 
%CSF 

Sum of v3 
ACC voxel 

19 Placebo 0.0251 0.6424 0.3325 1.0000 0.0183 0.6016 0.3801 1.0000 0.0115 0.5566 0.4319 1.0000 

20 Placebo 0.0799 0.5832 0.3369 1.0000 0.0430 0.6135 0.3435 1.0000 0.0207 0.6500 0.3294 1.0000 

21 LOLA 0.1032 0.6699 0.2269 1.0000 0.0929 0.6700 0.2372 1.0000 poor 
spectra 

poor 
spectra 

poor 
spectra 

  

22 Placebo 0.0766 0.7419 0.1815 1.0000 0.0424 0.7825 0.1750 1.0000 0.0402 0.7886 0.1712 1.0000 

23 LOLA 0.0159 0.6873 0.2969 1.0000 0.0177 0.6092 0.3731 1.0000 0.0181 0.5429 0.4390 1.0000 

24 Placebo 0.0117 0.5813 0.4070 1.0000 0.0187 0.5635 0.4178 1.0000 0.0078 0.5503 0.4419 1.0000 

25 LOLA 0.0129 0.6103 0.3768 1.0000 0.0155 0.6662 0.3184 1.0000 0.0581 0.7480 0.1939 1.0000 

26 Placebo 0.0162 0.5475 0.4362 1.0000 0.0279 0.6507 0.3214 1.0000 0.0234 0.5517 0.4249 1.0000 

27 Placebo 0.0272 0.6503 0.3225 1.0000 0.0271 0.6266 0.3462 1.0000 0.0310 0.6218 0.3472 1.0000 

28 LOLA 0.0650 0.5698 0.3652 1.0000 0.0853 0.5547 0.3600 1.0000 0.0585 0.5437 0.3978 1.0000 

29 Placebo 0.0461 0.6709 0.2830 1.0000 0.0471 0.5057 0.4472 1.0000 0.0312 0.5784 0.3904 1.0000 

30 LOLA 0.0268 0.6116 0.3616 1.0000 0.0418 0.5221 0.4361 1.0000 0.0543 0.5660 0.3798 1.0000 

31 Placebo 0.0264 0.6539 0.3197 1.0000 0.0615 0.6272 0.3113 1.0000 0.0615 0.6272 0.3113 1.0000 

32 LOLA 0.0217 0.6792 0.2991 1.0000 0.0158 0.6710 0.3132 1.0000 0.0114 0.6928 0.2959 1.0000 

33 Placebo         0.0526 0.6831 0.2643 1.0000 0.0562 0.6945 0.2493 1.0000 

34 Placebo 0.0344 0.5923 0.3732 1.0000 0.0271 0.6091 0.3638 1.0000 0.0303 0.6773 0.2924 1.0000 

MEAN   0.0409 0.6411 0.3180 1.0000 0.0474 0.6290 0.3236 1.0000 0.0385 0.6287 0.3328 1.0000 

STDEV   0.0293 0.0604 0.0732 
 

0.0411 0.0587 0.0763   0.0253 0.0707 0.0857   
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  large difference from mean 

  moderate difference from mean 

  spectra absent/poor quality 

 

Table 9.2. Voxel composition at the Basal Ganglia (BG) on visits 1-3 by subject where pink denotes a large deviation from the mean, orange denotes a moderate 

difference from the mean and blue absent or poor quality spectra. 

subject GROUP BGv1%WM BGv1%GM BGv1%CSF 
Sum of v1 
BG voxel 

BGv2 
%WM 

BGv2 
%GM 

BGv2 
%CSF 

Sum of v2 
BG voxel 

BGv3 
%WM 

BGv3 
%GM 

BGv3 
%CSF 

Sum of v3 
BG voxel 

1 LOLA 0.7834 0.1693 0.0472 1.0000 0.9578 0.0422 0.0000 1.0000 0.9808 0.0192 0.0000 1.0000 

2 LOLA 0.9360 0.0640 0.0000 1.0000 0.9363 0.0637 0.0000 1.0000 0.9363 0.0637 0.0000 1.0000 

3 LOLA 0.9146 0.0854 0.0000 1.0000 0.9737 0.0263 0.0000 1.0000 0.9621 0.0379 0.0000 1.0000 

4 LOLA 0.9890 0.0110 0.0000 1.0000 0.8610 0.1339 0.0051 1.0000 0.9672 0.0328 0.0000 1.0000 

5 Placebo 0.9664 0.0334 0.0003 1.0000 0.9679 0.0320 0.0001 1.0000 0.9595 0.0400 0.0004 1.0000 

6 LOLA poor 
spectra 

poor 
spectra 

poor 
spectra 

  0.9728 0.0272 0.0000 1.0000 0.9828 0.0172 0.0000 1.0000 

7 Placebo 0.9609 0.0391 0.0000 1.0000 0.9931 0.0069 0.0000 1.0000 0.9697 0.0303 0.0000 1.0000 

8 Placebo 0.9808 0.0192 0.0000 1.0000 0.9904 0.0096 0.0000 1.0000 0.9925 0.0075 0.0000 1.0000 

9 Placebo 0.9386 0.0614 0.0000 1.0000 0.9590 0.0410 0.0000 1.0000 0.9012 0.0986 0.0002 1.0000 

10 Placebo 0.9570 0.0430 0.0000 1.0000         0.9825 0.0175 0.0000 1.0000 

11 LOLA 0.6832 0.3167 0.0001 1.0000 0.9619 0.0381 0.0000 1.0000 0.8638 0.1362 0.0000 1.0000 

12 Placebo 0.8141 0.1859 0.0001 1.0000 0.9768 0.0232 0.0000 1.0000 0.9323 0.0677 0.0000 1.0000 
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subject GROUP BGv1%WM BGv1%GM BGv1%CSF 
Sum of v1 
BG voxel 

BGv2 
%WM 

BGv2 
%GM 

BGv2 
%CSF 

Sum of v2 
BG voxel 

BGv3 
%WM 

BGv3 
%GM 

BGv3 
%CSF 

Sum of v3 
BG voxel 

13 LOLA 0.0561 0.0498 0.8941 1.0000 0.9609 0.0391 0.0000 1.0000 0.9551 0.0449 0.0000 1.0000 

14 LOLA 0.9171 0.0807 0.0022 1.0000 0.8997 0.1003 0.0000 1.0000 0.8710 0.1290 0.0000 1.0000 

15 Placebo 0.8402 0.1598 0.0000 1.0000 0.9289 0.0711 0.0000 1.0000 0.9586 0.0414 0.0000 1.0000 

16 Placebo 0.9473 0.0527 0.0000 1.0000 0.6240 0.3759 0.0001 1.0000 0.9676 0.0323 0.0000 1.0000 

17 Placebo 0.9135 0.0865 0.0000 1.0000 0.9836 0.0164 0.0000 1.0000 0.8373 0.1627 0.0000 1.0000 

18 Placebo 0.9664 0.0336 0.0000 1.0000 0.8583 0.1417 0.0000 1.0000 0.9518 0.0482 0.0000 1.0000 

19 Placebo 0.8862 0.1138 0.0000 1.0000 0.7883 0.2117 0.0000 1.0000 0.7965 0.2035 0.0000 1.0000 

20 Placebo 0.9783 0.0217 0.0000 1.0000 0.9104 0.0895 0.0001 1.0000 0.9674 0.0324 0.0002 1.0000 

21 LOLA 0.9665 0.0334 0.0001 1.0000 0.9587 0.0413 0.0001 1.0000 0.9232 0.0767 0.0001 1.0000 

22 Placebo 0.9526 0.0474 0.0000 1.0000 0.9650 0.0350 0.0000 1.0000 0.9484 0.0515 0.0001 1.0000 

23 LOLA 0.9616 0.0384 0.0000 1.0000 0.9819 0.0181 0.0000 1.0000 0.9461 0.0539 0.0000 1.0000 

24 Placebo 0.9367 0.0633 0.0000 1.0000 0.9787 0.0213 0.0000 1.0000 0.9850 0.0150 0.0000 1.0000 

25 LOLA 0.9784 0.0210 0.0006 1.0000 0.9722 0.0277 0.0002 1.0000 0.9164 0.0828 0.0009 1.0000 

26 Placebo 0.9471 0.0529 0.0000 1.0000 0.9549 0.0451 0.0000 1.0000 0.9335 0.0665 0.0000 1.0000 

27 Placebo 0.9459 0.0541 0.0000 1.0000 0.9702 0.0298 0.0000 1.0000 0.9565 0.0435 0.0000 1.0000 

28 LOLA 0.9544 0.0455 0.0000 1.0000 0.9644 0.0356 0.0000 1.0000 0.9302 0.0698 0.0000 1.0000 

29 Placebo 0.9622 0.0377 0.0001 1.0000 0.9755 0.0245 0.0000 1.0000 0.9232 0.0763 0.0005 1.0000 

30 LOLA 0.9116 0.0884 0.0000 1.0000 0.9414 0.0586 0.0000 1.0000 0.9297 0.0703 0.0000 1.0000 

31 Placebo 0.9278 0.0722 0.0000 1.0000 0.9498 0.0477 0.0025 1.0000 0.9498 0.0477 0.0025 1.0000 

32 LOLA 0.9064 0.0933 0.0003 1.0000 0.9000 0.0959 0.0041 1.0000 0.9303 0.0691 0.0007 1.0000 
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subject GROUP BGv1%WM BGv1%GM BGv1%CSF 
Sum of v1 
BG voxel 

BGv2 
%WM 

BGv2 
%GM 

BGv2 
%CSF 

Sum of v2 
BG voxel 

BGv3 
%WM 

BGv3 
%GM 

BGv3 
%CSF 

Sum of v3 
BG voxel 

33 Placebo         0.9582 0.0418 0.0000 1.0000 0.9850 0.0150 0.0000 1.0000 

34 Placebo 0.9590 0.0410 0.0000 1.0000 0.9060 0.0940 0.0000 1.0000 0.9698 0.0303 0.0000 1.0000 

MEAN   0.8996 0.0734 0.0270 1.0000 0.9358 0.0638 0.0004 1.0000 0.9401 0.0597 0.0002 1.0000 

STDEV   0.1595 0.0598 0.1511   0.0712 0.0710 0.0012   0.0437 0.0437 0.0005   

 

  large difference from mean 

  moderate difference from mean 

  spectra absent/poor quality 

 

Table 9.3. Voxel composition at the Left Frontal White Matter (LFWM) on visits 1-3 by subject where pink denotes a large deviation from the mean, orange denotes 

a moderate difference from the mean and blue absent or poor quality spectra. 

Subid GROUP 
LFWMv1%W
M 

LFWMv1 
%GM 

LFWM
v 
1%CSF 

Sum of v1 
LFWM 
voxel 

LFWMv2%
WM 

LFWMv2%G
M 

LFWMv2
% CSF 

Sum of 
v2 LFWM 
voxel 

LFWMv3%W
M 

LFWMv
3 %GM 

LFWM
v3 
%CSF 

Sum of v3 
LFWM 
voxel 

1 LOLA 0.9120 0.0742 0.0138 1.0000 0.8773 0.1197 0.0030 
 

0.8523 0.1422 0.0055 1.0000 

2 LOLA 0.8911 0.1082 0.0007 1.0000 0.9091 0.0907 0.0003 1.0000 0.9091 0.0907 0.0003 1.0000 

3 LOLA 0.9146 0.0929 0.0004 1.0078 0.8203 0.1767 0.0030 1.0000 0.8439 0.1542 0.0019 1.0000 

4 LOLA 0.8735 0.1260 0.0005 1.0000 0.0568 0.7979 0.1453 1.0000 0.8623 0.1369 0.0008 1.0000 

5 Placebo 0.7369 0.2581 0.0051 1.0000 0.6893 0.3067 0.0040 1.0000 0.7148 0.2795 0.0057 1.0000 



343 

Subid GROUP 
LFWMv1%W
M 

LFWMv1 
%GM 

LFWM
v 
1%CSF 

Sum of v1 
LFWM 
voxel 

LFWMv2%
WM 

LFWMv2%G
M 

LFWMv2
% CSF 

Sum of 
v2 LFWM 
voxel 

LFWMv3%W
M 

LFWMv
3 %GM 

LFWM
v3 
%CSF 

Sum of v3 
LFWM 
voxel 

6 LOLA 0.8203 0.1783 0.0014 1.0000 0.6615 0.3126 0.0258 1.0000 0.7915 0.2000 0.0084 1.0000 

7 Placebo 0.9338 0.0475 0.0187 1.0000 0.8392 0.1598 0.0010 1.0000 0.8593 0.1388 0.0019 1.0000 

8 Placebo 0.7102 0.2514 0.0384 1.0000 0.7121 0.2755 0.0125 1.0000 0.6808 0.3112 0.0080 1.0000 

9 Placebo 0.9558 0.0440 0.0002 1.0000 0.8557 0.1418 0.0025 1.0000 0.9429 0.0565 0.0006 1.0000 

10 Placebo 0.8608 0.1376 0.0016 1.0000         0.9211 0.0786 0.0003 1.0000 

11 LOLA 0.9098 0.0883 0.0019 1.0000 0.8399 0.1543 0.0059 1.0000 0.9539 0.0457 0.0004 1.0000 

12 Placebo 0.8622 0.1346 0.0032 1.0000 0.6390 0.3325 0.0284 1.0000 0.7989 0.1928 0.0084 1.0000 

13 LOLA 0.7839 0.2109 0.0052 1.0000 0.8786 0.1207 0.0007 1.0000 0.8905 0.1094 0.0001 1.0000 

14 LOLA 0.8091 0.1866 0.0044 1.0000 0.8889 0.1091 0.0020 1.0000 0.8487 0.1500 0.0013 1.0000 

15 Placebo 0.9787 0.0212 0.0001 1.0000 0.9335 0.0659 0.0006 1.0000 0.8970 0.1010 0.0020 1.0000 

16 Placebo 0.8297 0.1658 0.0045 1.0000 0.8776 0.1205 0.0020 1.0000 0.8241 0.1724 0.0035 1.0000 

17 Placebo 0.9358 0.0638 0.0004 1.0000 0.8735 0.1242 0.0023 1.0000 0.6933 0.2922 0.0146 1.0000 

18 Placebo 0.7924 0.1976 0.0100 1.0000 0.7658 0.2157 0.0185 1.0000 0.7170 0.2647 0.0183 1.0000 

19 Placebo 0.8770 0.1227 0.0003 1.0000 0.9510 0.0490 0.0000 1.0000 0.9160 0.0840 0.0000 1.0000 

20 Placebo 0.9170 0.0801 0.0029 1.0000 0.8915 0.1020 0.0065 1.0000 0.6947 0.2863 0.0190 1.0000 

21 LOLA 0.8245 0.1721 0.0035 1.0000 0.6616 0.3222 0.0162 1.0000 0.8007 0.1957 0.0037 1.0000 

22 Placebo 0.8463 0.1513 0.0024 1.0000 0.9258 0.0741 0.0001 1.0000 0.8831 0.1151 0.0019 1.0000 

23 LOLA 0.8033 0.1942 0.0025 1.0000 0.7378 0.2522 0.0101 1.0000 0.7338 0.2221 0.0441 1.0000 

24 Placebo 0.8993 0.0983 0.0025 1.0000 0.8674 0.1245 0.0082 1.0000 0.8545 0.1385 0.0070 1.0000 

25 LOLA 0.6648 0.3014 0.0338 1.0000 0.7006 0.2764 0.0230 1.0000 0.5188 0.4561 0.0251 1.0000 
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Subid GROUP 
LFWMv1%W
M 

LFWMv1 
%GM 

LFWM
v 
1%CSF 

Sum of v1 
LFWM 
voxel 

LFWMv2%
WM 

LFWMv2%G
M 

LFWMv2
% CSF 

Sum of 
v2 LFWM 
voxel 

LFWMv3%W
M 

LFWMv
3 %GM 

LFWM
v3 
%CSF 

Sum of v3 
LFWM 
voxel 

26 Placebo 0.7894 0.1979 0.0127 1.0000 0.7699 0.2100 0.0200 1.0000 0.7808 0.2022 0.0170 1.0000 

27 Placebo 0.8560 0.1420 0.0020 1.0000 0.8201 0.1648 0.0151 1.0000 0.9646 0.0352 0.0002 1.0000 

28 LOLA 0.8758 0.1192 0.0050 1.0000 0.9353 0.0645 0.0003 1.0000 0.9197 0.0793 0.0010 1.0000 

29 Placebo 0.7014 0.2817 0.0170 1.0000 0.7225 0.2686 0.0088 1.0000 0.7578 0.2358 0.0064 1.0000 

30 LOLA 0.8137 0.1695 0.0167 1.0000 0.6350 0.3405 0.0245 1.0000 0.7786 0.2108 0.0106 1.0000 

31 Placebo 0.8715 0.1268 0.0017 1.0000 0.6444 0.3337 0.0219 1.0000 0.6444 0.3337 0.0219 1.0000 

32 LOLA 0.9177 0.0814 0.0009 1.0000 0.9546 0.0420 0.0033 1.0000 0.8695 0.1296 0.0009 1.0000 

33 Placebo         0.7045 0.2861 0.0094 1.0000 0.8208 0.1755 0.0038 1.0000 

34 Placebo 0.8141 0.1784 0.0075 1.0000 0.8638 0.1358 0.0004 1.0000 0.5162 0.4199 0.0639 1.0000 

MEAN 0.8457 0.1478 0.0067 1.0002 0.7850 0.2021 0.0129 1.0000 0.8075 0.1834 0.0091 1.0000 
 

STDEV 0.0743 0.0687 0.0090   0.1656 0.1427 0.0254   0.1119 0.1016 0.0136   
 

 

  large difference from mean 

  moderate difference from mean 

  spectra absent/poor quality 
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For white matter voxels, where there is an unacceptable quantity of CSF or GM (>40% in a voxel), 

spectroscopy data region was discarded. A large number of BG spectra were of poor quality; therefore, 

this region was not analysed. Others in the group have previously implicated BG as important in HE 

given the Glx/Cr ratio was highest in this area on a regional examination of HE patients (Taylor-

Robinson et al., 1994). 

9.2 Results 

Repeated measures ANOVA, all sample (SPSS version 25) was performed in both ACC and LFWM that 

met inclusion criteria. For both the ACC and LFWM the repeated measures ANOVAs for the key 

metabolites are shown below. Concentrations were measured in millimolar units, but results of 

changes in concentration presented in institutional units. Table 9.4 below summarises the key 

significant findings in each area. 

Table 9.4. Key metabolite changes at each location. This table highlights the salient MRS findings 

confined to the region of ACC with both Glu and Glx  

Voxel 
Location Metabolite 

Repeated 
measures ANOVA 
relationship 

Greenhouse 
Geisser ci 
P-value 

ACC N-Acetyl Aspartic Acid levels are similar at baseline but 
significant increase with both groups 

Time 0.007 

ACC Glutamate shows an increase with LOLA treatment  Time and group  0.03 

ACC Glutamate/Glutamine complex shows an increase with LOLA 
treatment  

Time and group 0.013  

ACC Myo-inositol shows a non-significant trend towards an 
increase with LOLA with time. 

Time and group 0.062 

LFWM N-Acetyl Aspartic Acid levels are similar at baseline trend 
towards increases with time without treatment, i.e. in both 
groups 

Time 

 

0.736 

LFWM Glutamate/Glutamine complex non-significant trend in 
reduction in placebo no change with LOLA 

- 0. 212 

LFWM Myo-inositol non-significant trend in the increase in LOLA and 
no change with Placebo 

- 0.336 

 

ACC GPC showed a significant interaction between time and age as did ACC GPC-PCh and ACC Glu-Gln 

when age was added as a covariate factor, but no significant effect of LOLA therapy. 
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 Anterior Cingulate Cortex 

9.2.1.1 NAA 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.2) was 

performed to examine the main effects of treatment or Group at each time point. There was no 

significant main effect of Group, F(2,46) =2.608, p=0.086 on NAA concentration at ACC. Bonferroni 

correction was applied. 

The profile plot below (Figure 9.2) was suggestive of a tendency for an increase in NAA concentration 

(institutional units) at the ACC with LOLA therapy, but NAA concentration showed no significant group 

differences, F(2,46) =2.608, p=0.086 (Greenhouse-geisser) (Table 9.5), in both LOLA and Placebo arms 

on repeated measures ANOVA. 

 

Figure 9.2. Profile plot of NAA concentration at the ACC, LOLA (red) and Placebo (blue). This visual 

profile plot of repeated measures ANOVA shows how NAA concentration, measured in 

institutional units, varies with time or visit number and Group. No significant differences 

occurred after 12 weeks of LOLA therapy. F(2,46) =2.608, p=0.086 
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Table 9.5. Repeated Measures analysis NAA at the ACC. The main effect under study, which was the 

treatment group was not significant, Group F(2,46) =2.608, p=0.086. 

Tests of Within-Subjects Effects NAA 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 35.288 2 17.644 5.559 .007 

Greenhouse-Geisser 35.288 1.952 18.080 5.559 .007 

Huynh-Feldt 35.288 2.000 17.644 5.559 .007 

Lower-bound 35.288 1.000 35.288 5.559 .027 

time * 
group 

Sphericity Assumed 16.555 2 8.278 2.608 .085 

Greenhouse-Geisser 16.555 1.952 8.482 2.608 .086 

Huynh-Feldt 16.555 2.000 8.278 2.608 .085 

Lower-bound 16.555 1.000 16.555 2.608 .120 

Error(ti
me) 

Sphericity Assumed 145.993 46 3.174   

Greenhouse-Geisser 145.993 44.890 3.252   

Huynh-Feldt 145.993 46.000 3.174   

Lower-bound 145.993 23.000 6.348   

 

9.2.1.2 Glutamine-Glutamate Complex 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.3) was 

performed to examine the main effects of treatment or Group at each time point. There was a 

significant F(2, 50)=4.771, p=0.013 main effect of Group on Glutamate-glutamine complex (Glu-Gln) 

concentration at the ACC voxel below. Bonferroni correction was applied (Table 9.6).  

Error! Reference source not found.3 below shows the level of the Glu-Gln complex rises in the LOLA 

arm despite starting from a lower baseline.  

Post hoc t-testing of base-line Glu-Gln levels in both groups (Table 9.7) confirms that there is not a 

significant base-line difference; suggestive of a genuine increase of Glu-Gln with LOLA therapy (Figure 

9.4), and this result needs to be considered more fully. 
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Figure 9.3. Profile plot of Glu-Gln complex at the ACC, LOLA (red) and Placebo (blue). This visual profile 

plot of repeated measures ANOVA shows how Glu-Gln displayed in institutional units varies 

with time or visit number and Group. There were significant increases in Glu-Gln in the LOLA 

arm after 12 weeks of therapy. F(2, 50)=4.771, p=0.013 

Table 9.6. Repeated Measures analysis Glutamate-glutamine complex at the ACC. The main effect 

under study, which was the treatment group was significant. F(2, 50)=4.771, p=0.013  

Tests of Within-Subjects Effects 

Measure: MEASURE_1 glu-gln 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 32.776 2 16.388 1.362 .265 

Greenhouse-Geisser 32.776 1.956 16.759 1.362 .265 

Huynh-Feldt 32.776 2.000 16.388 1.362 .265 

Lower-bound 32.776 1.000 32.776 1.362 .254 

time * 
group 

Sphericity Assumed 114.798 2 57.399 4.771 .013 

Greenhouse-Geisser 114.798 1.956 58.698 4.771 .013 

Huynh-Feldt 114.798 2.000 57.399 4.771 .013 

Lower-bound 114.798 1.000 114.798 4.771 .039 
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Tests of Within-Subjects Effects 

Measure: MEASURE_1 glu-gln 

Source Type III Sum of Squares df Mean Square F Sig. 

Error(ti
me) 

Sphericity Assumed 601.536 50 12.031   

Greenhouse-Geisser 601.536 48.894 12.303   

Huynh-Feldt 601.536 50.000 12.031   

Lower-bound 601.536 25.000 24.061   

 

Table 9.7. Post-hoc t-test to determine if significant differences in Glu-Gln complex concentration 

between groups exist at base-line. Glu-Gln complex concentrations displayed in institutional 

units in both groups were not significantly different at baseline p= 0.1009. 

Group glu-gln visit 1 glu-gln visit 2 glu-gln visit 3 difference 

LOLA 14.155 22.043 20.418 6.263 

LOLA 27.149 28.401 35.337 8.188 

LOLA 19.878 22.646 23.034 3.156 

LOLA 12.912 
 

15.994 3.082 

LOLA 18.541 16.335 22.261 3.72 

LOLA 16.906 
 

27.182 10.276 

LOLA 15.148 19.372 17.125 1.977 

LOLA 31.828 35.836 30.136 -1.692 

LOLA 17.234 17.852 20.257 3.023 

LOLA 28.524 
 

23.22 -5.304 

LOLA 22.142 24.61 
 

  

LOLA 26.817 21.169 23.059 -3.758 

LOLA 26.997 23.942 29.138 2.141 

LOLA 25.547 33.362 31.21 5.663 

Placebo 38.27 24.183 30.106 -8.164 

Placebo 22.105 23.578 19.114 -2.991 

Placebo 19.778 20.489 27.346 7.568 

Placebo 35.073 31.245 31.126 -3.947 

Placebo 23.32 29.257 
 

  

Placebo 16.597 20.192 19.897 3.3 

Placebo 16.557 17.219 
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Group glu-gln visit 1 glu-gln visit 2 glu-gln visit 3 difference 

Placebo 20.119 15.985 16.32 -3.799 

Placebo 14.575 31.543 22.785 8.21 

Placebo 32.689 29.893 25.366 -7.323 

Placebo 16.485 17.821 22.608 6.123 

Placebo 23.538 21.696 24.838 1.3 

Placebo 23.316 23.854 22.373 -0.943 

Placebo 21.76 23.716 23.954 2.194 

Placebo 19.561 25.368 18.26 -1.301 

Placebo 28.011 25.766 22.218 -5.793 

Placebo 19.472 19.086 19.312 -0.16 

Placebo 10.846 10.084 18.937 8.091 

Placebo 
 

18.279 17.933   

Placebo 27.085 25.588 16.513 -10.572 

T TEST 0.7081 0.5214 0.2100 0.1009 

 

 

Figure 9.4. Bar graph of change in Glu-Gln complex concentration at the ACC LOLA (red) with Placebo (blue). 
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9.2.1.3 Glutamate (Glu) 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.5) was 

performed to examine the main effects of treatment or Group at each time point on Glu 

concentration. There was a significant main effect of treatment group, F(2,50) =3.881, p=0.03 Glu 

concentration at ACC. Bonferroni correction was applied. 

The Profile plot (Figure 9.5) of Glu concentration at the ACC shows an increase with LOLA, despite 

divergent baseline, with LOLA group subjects starting from a lower baseline. However, Table 9.9 below 

shows that these values were significantly different from baseline, on post-hoc t-testing p=0.0327, 

thus invalidating the differences of the repeated measures ANOVA. 

 

Figure 9.5. Profile plot of Glu displayed in institutional units at the ACC. LOLA (red) and Placebo (blue). 

This plot shows a significant F(2,50) =3.881, p=0.03 increase in Glu with LOLA therapy in ACC. 
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Table 9.8. Repeated Measures analysis Glu at the ACC. The main effect under study, which was the 

treatment group was significant F(2,50) =3.881, p=0.03.  

Tests of Within-Subjects Effects Glu 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 3.547 2 1.773 .426 .656 

Greenhouse-Geisser 3.547 1.870 1.896 .426 .642 

Huynh-Feldt 3.547 2.000 1.773 .426 .656 

Lower-bound 3.547 1.000 3.547 .426 .520 

time * 
group 

Sphericity Assumed 32.317 2 16.159 3.881 .027 

Greenhouse-Geisser 32.317 1.870 17.280 3.881 .030 

Huynh-Feldt 32.317 2.000 16.159 3.881 .027 

Lower-bound 32.317 1.000 32.317 3.881 .060 

Error(ti
me) 

Sphericity Assumed 208.199 50 4.164   

Greenhouse-Geisser 208.199 46.755 4.453   

Huynh-Feldt 208.199 50.000 4.164   

Lower-bound 208.199 25.000 8.328   

 

The earlier described Glu increases seen in LOLA arm (Table 9.8) are invalidated by the observation of 

significant baseline group differences (Table 9.9) p=0.0019 at baseline, for some unknown reason. 

Table 9.9. Post hoc t-test to determine if significant differences between groups in Glu concentration 

exist at baseline, this shows that even at baseline the groups were statistically different 

(p=0.033) 

Group Glu visit1 in mM Glu2 visit2 in mM Glu3 visit3 in mM difference 

LOLA 8.469 11.591 13.159 4.69 

LOLA 11.841 10.817 14.417 2.576 

LOLA 18.41 11.875 15.125 -3.285 

LOLA 9.26 
 

10.826 1.566 

LOLA 6.55 
 

10.639 4.089 

LOLA 11.666 11.352 
 

  

LOLA 13.029 13.982 14.32 1.291 

LOLA 8.909 15.064 13.235 4.326 
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Group Glu visit1 in mM Glu2 visit2 in mM Glu3 visit3 in mM difference 

LOLA 11.735 13.343 
 

  

LOLA 10.668 17.364 15.461 4.793 

LOLA 9.891 9.484 12.581 2.69 

LOLA 13.476 13.373 14.995 1.519 

LOLA 16.945 14.585 15.223 -1.722 

LOLA 6.997 7.552 10.207 3.21 

Placebo 13.168 9.868 12.613 -0.555 

Placebo 9.525 13.131 11.099 1.574 

Placebo 19.806 15.145 13.167 -6.639 

Placebo 12.921 12.886 12.491 -0.43 

Placebo 15.768 
 

11.301 -4.467 

Placebo 11.199 9.781 8.834 -2.365 

Placebo 10.36 8.973 12.975 2.615 

Placebo 13.088 14.306 8.702 -4.386 

Placebo 12.943 12.086 16.884 3.941 

Placebo 17.539 11.828 12.593 -4.946 

Placebo 13.104 13.973 
 

  

Placebo 10.817 12.062 12.335 1.518 

Placebo 13.985 10.857 11.411 -2.574 

Placebo 15.495 14.503 12.974 -2.521 

Placebo 14.996 12.114 14.949 -0.047 

Placebo 15.253 14.879 14.242 -1.011 

Placebo 10.909 16.141 11.465 0.556 

Placebo 12.96 12.774 12.7 -0.26 

Placebo 12.828 12.828 12.413   

Placebo 14.004 12.526 9.216 -4.788 

T-TEST 0.0327 0.8707 0.1338 0.0019 
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Figure 9.6. Bar graph of change in Glu concentration displayed in institutional units at the ACC LOLA 

(red) with Placebo (blue). 

9.2.1.4 Glutamine (Gln) 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, 3 visits) (Figure 9.7) was 

performed to examine the main effects of treatment or Group at each time point. There was no 

significant main effect of Group, F(2,30) 0.240), p=0.731 on Gln concentration at ACC. Bonferroni 

correction was applied. 

The Gln concentration at the ACC (Figure 9.7) shows a diverging relationship on a profile plot which 

was not statistically significant, F(2,30) 0.240), p=0.731. (Table 9.10) 
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Figure 9.7. Profile plot of Gln at the ACC. LOLA (red) and Placebo (blue). This plot shows an insignificant 

F(2,30) 0.240), p=0.731 increase in Gln with LOLA therapy in ACC 

Table 9.10. Repeated Measures Analysis of Gln at the ACC. The main effect under study which was the 

treatment group was insignificant, F(2,30) 0.240), p=0.731 

Tests of Within-Subjects Effects Gln 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed .268 2 .134 .019 .981 

Greenhouse-Geisser .268 1.542 .174 .019 .958 

Huynh-Feldt .268 1.800 .149 .019 .973 

Lower-bound .268 1.000 .268 .019 .891 

time * 
group 

Sphericity Assumed 3.336 2 1.668 .240 .788 

Greenhouse-Geisser 3.336 1.542 2.163 .240 .731 

Huynh-Feldt 3.336 1.800 1.854 .240 .765 

Lower-bound 3.336 1.000 3.336 .240 .631 

Error(time) Sphericity Assumed 208.144 30 6.938   

Greenhouse-Geisser 208.144 23.134 8.997   

Huynh-Feldt 208.144 26.994 7.711   

Lower-bound 208.144 15.000 13.876   
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9.2.1.5 Myoinositol (mI) 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.8) was 

performed to examine the main effects of treatment or Group at each time point. While the 

concentration of mI at the ACC appears to increase in the LOLA group over time), this is statistically 

insignificant F(2,30) 0.240), p=0.731 (Table 9.11). 

 

Figure 9.8. Profile plot of mI concentration displayed in institutional units at the ACC. LOLA (red) and 

Placebo (blue). This plot shows an insignificant F(2,42) = 3.253, p= 0.062 increase in mI with 

LOLA therapy in ACC 

Table 9.11. Repeated Measures Analysis of mI at the ACC. The main effect under study which was 

treatment group was insignificant, F(2,42) = 3.253, p= 0.062 

Tests of Within-Subjects Effects mI 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 15.707 2 7.854 7.561 .002 

Greenhouse-Geisser 15.707 1.732 9.071 7.561 .003 

Huynh-Feldt 15.707 1.976 7.949 7.561 .002 

Lower-bound 15.707 1.000 15.707 7.561 .012 
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Tests of Within-Subjects Effects mI 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time * 
group 

Sphericity Assumed 6.552 2 3.276 3.154 .053 

Greenhouse-Geisser 6.552 1.732 3.784 3.154 .062 

Huynh-Feldt 6.552 1.976 3.316 3.154 .054 

Lower-bound 6.552 1.000 6.552 3.154 .091 

Error(time) Sphericity Assumed 41.550 40 1.039   

Greenhouse-Geisser 41.550 34.633 1.200   

Huynh-Feldt 41.550 39.518 1.051   

Lower-bound 41.550 20.000 2.078   

 

 Left Frontal White Matter 

9.2.2.1 NAA-NAAG 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.9) was 

performed to examine the main effects of treatment or Group at each time point. There was no 

significant main effect of Group, F=(2,34) =0.298, p=0.736 on concentrations of NAA-NAAG in LFWM, 

which appear to start from a similar baseline, but the increase in the LOLA group appears higher than 

in Placebo arm. However, this is not statistically significant on Repeated Measures analysis F=(2,34) 

=0.298, p=0.736 (Table 9.12) 
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Figure 9.9. Profile plot of NAA-NAAG concentration displayed in institutional units at the LFWM. LOLA 

(red) and Placebo (blue). This plot shows a insignificant increase in NAA-NAAG in LFWM, 

F=(2,34) =0.298, p=0.736 = 0.062. 

Table 9.12. Repeated Measures Analysis of NAA-NAAG at LFWM.  

Tests of Within-Subjects Effects 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 1.643 2 .822 2.363 .109 

Greenhouse-Geisser 1.643 1.925 .854 2.363 .112 

Huynh-Feldt 1.643 2.000 .822 2.363 .109 

Lower-bound 1.643 1.000 1.643 2.363 .143 

time * 
group 

Sphericity Assumed .207 2 .104 .298 .744 

Greenhouse-Geisser .207 1.925 .108 .298 .736 

Huynh-Feldt .207 2.000 .104 .298 .744 

Lower-bound .207 1.000 .207 .298 .592 

Error(time)  Sphericity Assumed 11.822 34 .348   

Greenhouse-Geisser 11.822 32.723 .361   

Huynh-Feldt 11.822 34.000 .348   

Lower-bound 11.822 17.000 .695   
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9.2.2.2 Glutamate-glutamine Complex 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, 3 visits) (Figure 9.10) was 

performed to examine the main effects of treatment or Group at each time point. There was no 

significant main effect of Group, F(2,30) 0.240), p=0.731 on concentrations of The Glu-Gln complex 

with LOLA treatment in the LFWM voxel. 

The profile plot appears to decline from baseline in the Placebo arm (Figure 9.10). However, this is not 

statistically significant, F(2,36)= 1.631, p=0.212 (Table 9.13). 

 

Figure 9.10. Profile plot of Glutamate-glutamine complex concentration displayed in institutional units at 

the LFWM. LOLA (red) and Placebo (blue). This plot shows an insignificant F=(2,36) =1.631, 

p=0.736 = 0.212, decrease in the Glu-Gln complex. 

Table 9.13. Repeated Measures Analysis of Glu-Gln complex concentrations at LFWM, no significant 

difference were found between groups F=(2,36) =1.631, p=0.736 = 0.212 

Tests of Within-Subjects Effects 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

time Sphericity Assumed 3.631 2 1.815 .520 .599 

Greenhouse-Geisser 3.631 1.872 1.940 .520 .587 

Huynh-Feldt 3.631 2.000 1.815 .520 .599 
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Tests of Within-Subjects Effects 

Measure: MEASURE_1 

Source Type III Sum of Squares df Mean Square F Sig. 

Lower-bound 3.631 1.000 3.631 .520 .480 

time * 
group 

Sphericity Assumed 11.379 2 5.690 1.631 .210 

Greenhouse-Geisser 11.379 1.872 6.079 1.631 .212 

Huynh-Feldt 11.379 2.000 5.690 1.631 .210 

Lower-bound 11.379 1.000 11.379 1.631 .218 

Error(time) Sphericity Assumed 125.578 36 3.488   

Greenhouse-Geisser 125.578 33.694 3.727   

Huynh-Feldt 125.578 36.000 3.488   

Lower-bound 125.578 18.000 6.977   

 

9.2.2.3 Myoinositol 

A two-way mixed repeated measures ANOVA, 2 by 3 model (two groups, three visits) (Figure 9.11) was 

performed to examine the main effects of treatment or Group at each time point. There was no 

significant main effect of Group, F(2,32)=1.095,p=0.336, on the concentration of mI at the LFWM, 

which appeared to rise slightly in the LOLA arm (Figure 9.11). However, this relationship is not 

statistically significant F(2,32)=1.095,p=0.336, on repeated measures analysis (Table 9.14) 
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Figure 9.11. Profile plot of mI concentration displayed in institutional units at the LFWM. LOLA (red) and 

Placebo (blue). No statistically significant differences, F(2,32)=1.095,p=0.336, were found on 

repeated measures analysis 

Table 9.14. Repeated Measures Analysis of mI concentration at LFWM. With no differences seen 

between groups F(2,32)=1.095, p=0.311 

Tests of Within-Subjects Effects 

Measure: MEASURE_1 

Source Type III Sum of 
Squares 

df Mean Square F Sig. 

time Sphericity Assumed .776 2 .388 .883 .423 

Greenhouse-Geisser .776 1.563 .497 .883 .402 

Huynh-Feldt .776 1.811 .429 .883 .415 

Lower-bound .776 1.000 .776 .883 .361 

time * 
group 

Sphericity Assumed .962 2 .481 1.095 .347 

Greenhouse-Geisser .962 1.563 .616 1.095 .336 

Huynh-Feldt .962 1.811 .532 1.095 .342 

Lower-bound .962 1.000 .962 1.095 .311 

Error(time) Sphericity Assumed 14.060 32 .439   

Greenhouse-Geisser 14.060 25.011 .562   
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 Basal Ganglia 

A large number of BG spectra were poor quality, this region was not analysed, due to effects of partial-

voluming, which are likely to be confounded by cortical atrophy. Of note, other researchers within the 

group (Taylor-Robinson et al., 1996) have found evidence of greatest regional variation specifically in 

the basal ganglia in an observational study of those with cirrhosis compared to healthy controls. 

Subjects underwent both hydrogen and phosphorus MRS.  BG MRS is important to study in HE given 

it has been demonstrated that the Glx/Cr ratio was highest in this region  in group of patients with 

OHE (Taylor-Robinson et al., 1994). However, more recent proton MRS studies within the group have 

not been able to replicate this result from Basal Ganglia MRS (Grover et al., 2017). 

The basal ganglia is a small structure but one that is of relevance in HE both in terms of increased 

blood-flow (Lockwood et al., 1991) and a site of increased neuronal damage (Butterworth et al., 1987), 

toxin-laden blood may be a reason for the damage and oedema in HE. Smaller voxels may be a solution 

to this problem. 

 

9.3 Conclusions 

Changes in brain neurochemistry after 12-weeks of LOLA therapy were observed. The changes in Gln 

(reduced on treatment) support a central action of LOLA via amidation of Glu, while changes in mI 

suggest restitution of osmolytes through an osmoregulatory effect. Some limitations of the study 

include not comparing data of these individuals with healthy controls. Another limitation is difficulty 

obtaining homogenous voxel positions given prominent cortical atrophy in this study population. 

Further work could consider reducing voxel size; this may be particularly relevant in smaller structures 

such as the basal ganglia, where researchers within my lab group have previously been able to show 

significant spectroscopic change. 

There was also no opportunity for a baseline structural scan before the recruitment phase of this 

study, as all baseline imaging occurred after successful recruitment. 

HE is a condition of neuro-oedema and yet water was used as an internal standard. However, using 

water as an internal standard is the most standardised approach. Christiansen and group (Christiansen 

et al., 1993) states we can use water as an internal standard as standard total brain water 

concentration is known and water variation is relatively small +/- 15% between health and illness and 

water signal can be accurately measured. Another advantage over other methods is, even if it is 

considered that water-variation with disease or age is too great, the signal detection of both the 
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internal water and the metabolite signal are achieved under identical experimental conditions with 

the same radiofrequency, transmit time and reception sensitivity. The resultant concentration is 

calculated by a ratio of the two signals and is almost independent of these quantities. Robustness and 

speed of acquisition are reasons to choose this standardisation method (Zoelch et al., 2017). 

Only metabolites with Cramer-Rao bounds <20% were considered, these bounds have been used as 

to express the uncertainties in quantitative MR spectroscopy in this and other studies. This could be 

considered a weakness. Kreis and colleagues (Kreis, 2016) suggest this introduces a bias in the 

estimated mean concentrations of the cohort data. Approaches to avoid this problem in future work 

could include: not excluding any data before performing initial analysis and then by applying Cramer 

Rao bounds and comparing between conditions such as described by Naaijen and colleagues (Naaijen 

et al., 2017). Another approach (Kanaan et al., 2016) would be to include the Cramer-Rao Bounds as 

a criterion in one of a range of criteria to be applied. 

Repeated measures analysis examined the relationships between time and group per metabolite per 

region; age was included as a covariate (SPSS version 25). These methods are similar to a previous 

study by Dr Violante Ribeiro (Violante et al., 2016). 

HE is a fluctuant condition, and on a given day, a subject may be more or less irritable, and restless, 

which made it challenging to obtain spectra on occasion. Furthermore, the spectroscopy was always 

performed at the end of the day, which commenced at 0800 and was a nine-hour protocol. The MR 

scan protocol itself was more than two hours. This meant subjects were often fatigued by the time of 

scanning, which may have affected the data quality. A shorter study protocol where just the imaging 

was performed with cognitive testing would improve recruitment and reduce the effects of tiredness 

and fatigue on the study subjects.  

The elevated Glx/Cr is likely to correspond to a rise in brain Gln, which is the by-product of ammonia 

metabolism in the brain. Glx/Cr represents both the concentration of Glu and Gln. 

Why is Glu and Gln/Glu appearing to increase with LOLA treatment? Several previous MRS studies 

show Glx to rise with increasing severity of HE (Kircheis et al., 2002), (Laubenberger et al., 1997), 

(Geissler et al., 1997). HE treatments, even simple ones such as lactulose, have shown Glx levels to 

fall, with clinical improvement (Haseler et al., 1998). A study of TIPPS shunting, a known precipitant of 

HE has also shown a demonstrable rise in Glx a week post-surgery in a study performing MRS1 week 

prior and one week after TIPPS (Hamuro et al., 2000). 
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My study suggests that the Glu increases at the ACC in the LOLA arm may be disregarded due to post 

hoc analyses demonstrating that there were significant to baseline differences of Glu concentrations 

between groups. However, the LOLA-arm increases in Glu-Gln complex occurring at the ACC are valid 

as post hoc t-testing shows that these populations were not significantly different at baseline. The 

only significant baseline pharmacological difference between the groups is a higher use of PPI in LOLA 

arm.  PPIs are known to alter the gut microbiome and may have lead to an undesirable baseline 

neurochemical profile. PPI use is known to be associated with the development of MHE (Nardelli et 

al., 2019).  Subjects in the LOLA arm were also significantly older. However, no significant biochemical 

changes were observed even when age was included as a covariate factor in my analysis. Healthy 

ageing is recognised to be associated with neurochemical changes (Haga et al., 2009) 

Another explanation for biologic plausibility is that Glu reflects increased cell turnover that is driven 

by LOLA. LOLA is known to drive Krebs cycling and represents a mechanism to mop up excess ammonia 

(Kircheis et al., 2002). One way to explore further whether increases in Glu and Gln-Glu are driven by 

LOLA-induced increased cell-turnover in future might be to perform 13C radio-isotope-labelled studies. 
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Chapter 10 

Anthropometry and Bedside Power Testing and Untargeted 
Metabolic Profiling using of Liquid Chromatography-Mass 

Spectrometry of the Lateral Vastii 

10.1 Muscle Related Hypothesis 

1. Measures of muscle strength grip strength and 6-minute walk test may improve with LOLA 

treatment 

2. I hypothesise muscle anthropometrics, such as skin-fold thickness, may increase or remain 

constant in the treatment arm  

3. I would expect at the molecular level, chemical changes in muscle composition would occur 

after 12 weeks between groups, and these may be detectable in both RPC and HILIC coupled to 

mass spectrometry. 

10.2 Anthropometry and Power testing Results 

 Non-dominant arm grip strength 

The non-dominant grip strength was measured three consecutive times on each study visit day; the 

highest reading achieved was used for further statistical analysis. The standard error of the mean 

(SEM) is recorded for interest. Muscle fatigue occurs quickly with this type of high-energy, high-speed 

muscle contraction.  

Table 10.1. Non-dominant peak grip strength. The variations in the three readings taken on the day per 

subject are shown; the effects of fatigue account for the variations seen between repetitions  

 
sub 

Non dom Grip 
strength 1(lb) 

Non dom Grip 
strength 2 (lb) 

Non dom Grip 
strength 3(lb) 

Mean Non Dom 
Grip (lb) SEM 

LOLA 1v1 70 80 80 76.667 3.333 

LOLA 1v2 80 80 70 76.667 3.333 

LOLA 1v3 80 75 82 79.000 2.082 

LOLA 2v1 50 50 50 50.000 0.000 
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sub 

Non dom Grip 
strength 1(lb) 

Non dom Grip 
strength 2 (lb) 

Non dom Grip 
strength 3(lb) 

Mean Non Dom 
Grip (lb) SEM 

LOLA 2v2 50 40 42 44.000 3.055 

LOLA 2v3 45 45 45 45.000 0.000 

LOLA 3v1 85 85 82 84.000 1.000 

LOLA 3v2 64 70 70 68.000 2.000 

LOLA 3v3 85 80 83 82.667 1.453 

LOLA 4v1 15 20 20 18.333 1.667 

LOLA 4v2 30 25 25 26.667 1.667 

LOLA 4v3 18 27 23 22.667 2.603 

Placebo 5v1 50 50 50 50.000 0.000 

Placebo 5v2 45 45 45 45.000 0.000 

Placebo 5v3 50 50 55 51.667 1.667 

LOLA 6v1 35 35 24 31.333 3.667 

LOLA 6v2 40 30 30 33.333 3.333 

LOLA 6v3 42 38 35 38.333 2.028 

Placebo 7v1 65 67 65 65.667 0.667 

Placebo 7v2 65 67 64 65.333 0.882 

Placebo 7v3 55 50 60 55.000 2.887 

Placebo 8v1 60 55 70 61.667 4.410 

Placebo 8v2 70 75 85 76.667 4.410 

Placebo 8v3 70 80 80 76.667 3.333 

Placebo 9v1 37 45 42 41.333 2.333 

Placebo 9v2 50 30 35 38.333 6.009 

Placebo 9v3 35 30 35 33.333 1.667 

Placebo 10v1 41 30 35 35.333 3.180 

Placebo 10v2 
   

    

Placebo 10v3 45 40 40 41.667 1.667 

LOLA 11v1 60 62 60 60.667 0.667 

LOLA 11v2 65 70 65 66.667 1.667 

LOLA 11v3 50 65 60 58.333 4.410 

Placebo 12v1 75 70 65 70.000 2.887 

Placebo 12v2 75 75 78 76.000 1.000 

Placebo 12v3 75 80 70 75.000 2.887 

LOLA 13v1  50 50 60 53.333 3.333 
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sub 

Non dom Grip 
strength 1(lb) 

Non dom Grip 
strength 2 (lb) 

Non dom Grip 
strength 3(lb) 

Mean Non Dom 
Grip (lb) SEM 

LOLA 13v2 78 50 50 59.333 9.333 

LOLA 13v3 60 60 55 58.333 1.667 

LOLA 14v1 81 80 90 83.667 3.180 

LOLA 14v2 80 85 85 83.333 1.667 

LOLA 14v3 84 84 90 86.000 2.000 

Placebo 15v1 40 38 35 37.667 1.453 

Placebo 15v2 55 50 50 51.667 1.667 

Placebo 15v3 50 50 50 50.000 0.000 

Placebo 16v1 80 80 75 78.333 1.667 

Placebo 16v2 60 65 60 61.667 1.667 

Placebo 16v3 75 85 80 80.000 2.887 

Placebo 17v1 55 40 50 48.333 4.410 

Placebo 17v2 40 40 45 41.667 1.667 

Placebo 17v3 50 55 55 53.333 1.667 

Placebo 18v1 40 40 39 39.667 0.333 

Placebo 18v2 90 75 85 83.333 4.410 

Placebo 18v3 70 72 75 72.333 1.453 

Placebo 19v1 75 75 70 73.333 1.667 

Placebo 19v2 62 61 61 61.333 0.333 

Placebo 19v3 60 60 58 59.333 0.667 

Placebo 20v1 40 30 40 36.667 3.333 

Placebo 20v2 35 40 41 38.667 1.856 

Placebo 20v3 40 45 45 43.333 1.667 

LOLA 21v1 55 60 60 58.333 1.667 

LOLA 21v2 65 55 62 60.667 2.963 

LOLA 21v3 60 65 65 63.333 1.667 

Placebo 22v1 40 30 50 40.000 5.774 

Placebo 22v2 35 40 40 38.333 1.667 

Placebo 22v3 37 38 40 38.333 0.882 

LOLA 23v1 35 30 35 33.333 1.667 

LOLA 23v2 30 35 30 31.667 1.667 

LOLA 23v3 40 38 40 39.333 0.667 

Placebo 24v1 80 90 90 86.667 3.333 
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sub 

Non dom Grip 
strength 1(lb) 

Non dom Grip 
strength 2 (lb) 

Non dom Grip 
strength 3(lb) 

Mean Non Dom 
Grip (lb) SEM 

Placebo 24v2 75 80 90 81.667 4.410 

Placebo 24v3 80 82 85 82.333 1.453 

LOLA 25v1 55 55 55 55.000 0.000 

LOLA 25v2 55 60 60 58.333 1.667 

LOLA 25v3 62 62 60 61.333 0.667 

Placebo 26v1 60 65 65 63.333 1.667 

Placebo 26v2 55 60 60 58.333 1.667 

Placebo 26v3 65 70 65 66.667 1.667 

Placebo 27v1 60 50 55 55.000 2.887 

Placebo 27v2 62 60 58 60.000 1.155 

Placebo 27v3 65 50 55 56.667 4.410 

LOLA 28v1 20 25 20 21.667 1.667 

LOLA 28v2 20 25 25 23.333 1.667 

LOLA 28v3 25 30 35 30.000 2.887 

Placebo 29v1 45 45 45 45.000 0.000 

Placebo 29v2 38 35 40 37.667 1.453 

Placebo 29v3 37 41 41 39.667 1.333 

LOLA 30v1 40 45 45 43.333 1.667 

LOLA 30v2 40 38 38 38.667 0.667 

LOLA 30v3 45 50 48 47.667 1.453 

Placebo 31v1 110 95 110 105.000 5.000 

Placebo 31v2 95 90 90 91.667 1.667 

Placebo 31v3 100 100 90 96.667 3.333 

LOLA 32v1 35 35 52.5 40.833 5.833 

LOLA 32v2 50 50 40 46.667 3.333 

LOLA 32v3 45 40 40 41.667 1.667 

Placebo 33v1 92 100 90 94.000 3.055 

Placebo 33v2 95 100 103 99.333 2.333 

Placebo 33v3 105 100 106 103.667 1.856 

Placebo 34v1 90 94 85 89.667 2.603 

Placebo 34v2 90 100 85 91.667 4.410 

Placebo 34v3 85 79 70 78.000 4.359 
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No statistical significance was found for group differences between LOLA and Placebo on sub-analysis 

by group either when looking at the difference of the best of three readings; peak reading visit3 –peak 

reading visit1 or mean of visits 3 minus mean of visit 1 (Table 10.2). A two-way mixed repeated 

measures ANOVA, two by three model (two groups, three visits) (Figure 10.1) was performed to 

examine the main effects of treatment or group at each time point. There was no significant main 

effect of group F(1,32)=1.616, p= 0.576 on grip strength. Bonferroni correction was applied. 

 

Figure 10.1. Peak grip strength (lb) LOLA (red) and placebo (blue). This visual profile plot of repeated 

measures ANOVA shows how grip strength varies with time or visit number and group. No 

significant differences in grip strength occurred after 12 weeks of LOLA therapy, 

F(1,32)=1.616, p= 0.576 

Table 10.2. T-test of group differences in peak grip strength. No statistical differences in peak grip 

strength were present between groups either at visit 1 baseline (p=0.16) or visit 3 (p=0.198). 

No significant treatment-related differences were present on t-testing after 12 weeks of 

study, p=0.722. 

subject group 
Peak v1 Grip 
Strength (lb) 

Peak v3 Grip 
Strength (lb) 

Peak Grip difference 
v3-v1 (lb) 

difference of 
means v3-v1 

1 LOLA 80 82 2 2.3333 

2 LOLA 50 45 -5 -5 

3 LOLA 85 85 0 -1.3333 

4 LOLA 20 27 7 4.3333 

6 LOLA 35 42 7 7 
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subject group 
Peak v1 Grip 
Strength (lb) 

Peak v3 Grip 
Strength (lb) 

Peak Grip difference 
v3-v1 (lb) 

difference of 
means v3-v1 

11 LOLA 60 65 5 -3.0667 

13 LOLA 60 60 0 2.3333 

14 LOLA 90 90 0 -0.2 

21 LOLA 60 65 5 5 

23 LOLA 35 40 5 6 

25 LOLA 55 62 7 6.3333 

28 LOLA 25 35 10 8.3333 

30 LOLA 45 50 5 4.3333 

32 LOLA 52.5 45 -7.5 0.8333 

5 Placebo 50 55 5 1.6667 

7 Placebo 67 60 -7 -10.6667 

8 Placebo 70 80 10 15 

9 Placebo 45 35 -10 -7.4667 

10 Placebo 41 45 4 3.2667 

12 Placebo 75 80 5 2 

15 Placebo 38 50 12 12.3333 

16 Placebo 80 85 5 1.66667 

17 Placebo 55 55 0 5 

18 Placebo 40 75 35 32.6667 

19 Placebo 75 60 -15 -14 

20 Placebo 40 45 5 6.6667 

22 Placebo 50 40 -10 -1.6667 

24 Placebo 90 85 -5 -4.3333 

26 Placebo 65 70 5 3.3333 

27 Placebo 60 65 5 1.6667 

29 Placebo 45 41 -4 -5.3333 

31 Placebo 110 100 -10 -8.3333 

33 Placebo 100 106 6 9.6667 

34 Placebo 94 85 -9 -11.6667 
 

T-TEST 0.1633 0.1981 0.6296 0.7223 
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 Mid Arm Muscle Circumference (MAMC) 

MAMC was measured in cm. Only one mid-arm muscle measurement was performed per visit. The 

range of the difference over 12 weeks was -5.0-+3.5 

Data were missing for visit 1, subject 21, so second visit data was used instead. There was no significant 

difference whether or not subject 21 data were included in the analysis. 

A two-way mixed repeated measures ANOVA, two by three model (two groups, three visits) (Figure 

10.2) was performed to examine the main effects of treatment or group at each time point. There was 

no significant main effect of group F(2,60)=3.019, p= 0.056 on mid-arm muscle circumference, 

although a trend was observed. Bonferroni correction was applied. A t-test of the visit 3 - visit 1 

difference (Table 10.3) in MAMC failed to reach statistical significance (p=0.035) with single missing 

data-point (p=0.515) with him excluded. 

 

Figure 10.2. Profile plot of mid-arm muscle circumference (cm) LOLA (red) and placebo (blue). The 

repeated measures plot suggests differing baselines between the two groups, but these were 

not significant and nor were any significant group differences (main effect) seen on RM 

ANOVA, main effect of Group F(2,60)=3.019, p= 0.056 

Table 10.3. MAMC on visit 1, 2 and 3 and the difference between visit 1 and 3. MAMC was measured in 

cm, once on each visit day. The difference between the final and first visit circumferences is 
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shown in the final column. Subject 21 had missing visit 1 measurements. Subject 10 was the 

only participant who missed visit 2 due to illness.  

subject Group 
MAMCv1 
(cm) 

MAMCv2 
(cm) 

MAMCv3 
(cm) v3-v1 difference  

1 LOLA 27.5 27 28 0.5 

2 LOLA 26.5 27 26 -0.5 

3 LOLA 38 36 35 -3 

4 LOLA 24 23 23.5 -0.5 

6 LOLA 40 38.5 40 0 

11 LOLA 27 26.5 27 0 

13 LOLA 31 31 33.5 2.5 

14 LOLA 39 34 34 -5 

21 LOLA  - 37 35 -2 

23 LOLA 31 30 31 0 

25 LOLA 24 25 25.5 1.5 

28 LOLA 30 20 30.5 0.5 

30 LOLA 26 25.5 26 0 

32 LOLA 25 26 26.5 1.5 

5 Placebo 34 34 34 0 

7 Placebo 31 31 29 -2 

8 Placebo 31 32 28 -3 

9 Placebo 31.5 35.5 34 2.5 

10 Placebo 22 
 

21.5 -0.5 

12 Placebo 27.5 27.5 31 3.5 

15 Placebo 31 31 32 1 

16 Placebo 28 28.5 29 1 

17 Placebo 33 34.5 30 -3 

18 Placebo 38.5 43 40.5 2 

19 Placebo 31.5 29.5 30.5 -1 

20 Placebo 36 34.5 37 1 

22 Placebo 30 30 33 3 

24 Placebo 31 31 31 0 

26 Placebo 29 28.5 29 0 

27 Placebo 26 25.5 26 0 

29 Placebo 28 27.5 26 -2 
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subject Group 
MAMCv1 
(cm) 

MAMCv2 
(cm) 

MAMCv3 
(cm) v3-v1 difference  

31 Placebo 36 36.5 37.5 1.5 

33 Placebo 38 38 37.5 -0.5 

34 Placebo 28.5 29 30 1.5 

T-TEST 
    

0.3507 

T-TEST if subject 21 excluded      0.5157 

 

 Biceps Skinfold Thickness 

Two biceps skin-fold thickness readings per visit were taken, the SEM error was used here to exclude 

erroneous measurements (SEM 1.0>) of 101 pairs of measurements there was one episode were SEM 

was 1.5, and five occasions were SE was 1.0. 

However, SEM1.5 was for a visit 2 measurement, as were the other two instances of SEM=1.0. On t-

testing, a significant gain in Biceps skinfold thickness was seen, p=0.027 (Table 10.4). Given significant 

initial results, Bland Altman plots (Figure 10.3) were undertaken to examine the agreement of readings 

on each visit day. There was no evidence of proportional bias on these plots (Table 10.5).  

Table 10.4. Mean Biceps skinfold thickness readings visit 1, 2 and 3, SEM on v1 and v3 and difference 

between readings visit 3 and visit 1. Mean skinfold readings are shown on the first and final 

visit day with SEM in the adjacent column. A significantly higher proportion from LOLA group 

showed an improvement in biceps thickness, p =0.0265. 

Subject group 
Mean Biceps 
thickness (mm) v1 

Standard Error of 
Mean v1 

Mean Biceps 
thickness (mm) v3 SEM v3 

difference 
visit3-visit1 

1 LOLA 7 0 6 0 -1 

2 LOLA 7.5 0.5 14 0 6.5 

3 LOLA 10 0 14.5 0.5 4.5 

4 LOLA 8 0 7.5 0.5 -0.5 

5 LOLA 7.5 0.5 7 0 3.5 

6 LOLA 5.5 0.5 11 1 2.5 

7 LOLA 9 1 6 1 -4 

8 LOLA 7 0 4.5 0.5 3.5 

9 LOLA 24 0 8.5 0.5 5.5 

10 LOLA 10 0 6 0 2.33 
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Subject group 
Mean Biceps 
thickness (mm) v1 

Standard Error of 
Mean v1 

Mean Biceps 
thickness (mm) v3 SEM v3 

difference 
visit3-visit1 

11 LOLA 5.5 0.5 8 0 -3 

12 LOLA 6.5 0.5 5.5 0.5 4 

13 LOLA 8.5 0.5 5 0 2.5 

14 LOLA 7.5 0.5 10.5 0.5 0 

15 Placebo 6.5 0.5 6.5 0.5 -0.5 

16 Placebo 14.5 0.5 7.5 0.5 -7.5 

17 Placebo 7.5 0.5 7.5 0.5 -1.5 

18 Placebo 6 0 14.5 0.5 -1.5 

19 Placebo 11.5 0.5 6.5 1.5 -3 

20 Placebo 4 0 13.5 0.5 1.5 

21 Placebo 12 0 29.5 0.5 -5.5 

22 Placebo 5.5 0.5 13 0 2 

23 Placebo 9.5 0.5 12.33 0.33 -2 

24 Placebo 7 0 5 0 7.5 

25 Placebo 7.5 0.5 2.5 0.5 -1 

26 Placebo 15 0 5 0 -1.5 

27 Placebo 9 0 5.5 0.5 4 

28 Placebo 7 0 10.5 0.5 -2 

29 Placebo 0 0 7.5 0.5 0 

30 Placebo 4.5 0.5 11 0 1 

31 Placebo 6 0 8 0 1.5 

32 Placebo 10 0 7.5 0.5 -2 

33 Placebo 14 0 10 0 -4 

34 Placebo 3.5 0.5 3.5 0.5 0 

T-TEST   0.5911 0.3335 0.4900 0.7823 0.0265 

 



375 

 

Figure 10.3. Bland Altman Plot showing the reproducibility of reading 1 and reading 2 bicipital fold 

thickness taken on the same individual on the same study day. Only 6% of readings lay 

outside the 95% CI. The x-axis is the BCPs Reading 1- BCPs Reading 2, the y-axis represent the 

mean of BCP Reading 1 and Reading 2 

There were only six outliers in 102 pairs of measurements that lay outside the 95 % confidence 

interval.  There is no proportional bias in this data set as when a linear regression or one-way ANOVA 

is performed (p=0.594). See Table 10.5; the Beta value is non-significant. 

Table 10.5. Testing for proportional bias in BCPs skinfold thickness measurements taken above. This 

excludes any significant relationship between discrepancies in measurement of the values 

and the true values themselves, p=0.594. 

Coefficientsa 

Model Unstandardised Coefficients Standardised Coefficients t Sig. 

B Std. Error Beta 

1 (Constant) -.246 .195  -1.260 .211 

Mean .011 .020 .054 .535 .594 

a. Dependent Variable: BCPsdiff 
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A two-way mixed repeated measures ANOVA, two by three model (two groups, three visits) (Figure 

10.4) was performed to examine the main effects of treatment or group at each time point. There was 

no significant main effect of group F(2,56)=5.61, p= 0.25 on biceps skinfold thickness. Bonferroni 

correction was applied. However, it appears from this plot that the LOLA group started at a lower 

baseline or visit 1 value when compared to Placebo. To explore this further, a change in Biceps 

Thickness visit 3- visit 1 t-test (Table 10.6) was also performed. 

 

Figure 10.4. Profile plot of Biceps Skinfold thickness showing divergent baselines. The repeated measures 

plot suggests differing baselines between the two groups, but these were not significant and 

nor were any significant group differences (main effect) seen on RM ANOVA, main effect of 

Group F(2,56)=5.61, p= 0.25 
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Table 10.6. two-tailed t-test of change in BCPs thickness between groups. This shows the significant 

difference in biceps skinfold difference p=0.026 

Independent Samples Test 

 Levene’s Test for 
Equality of 
Variances 

t-test for Equality of Means 

F Sig. t df Sig. 
(2-
tailed) 

Mean 
Difference 

Std. Error 
Difference 

95% Confidence 
Interval of the 
Difference 

Lower Upper 

BCP 
diff 
visit3-
visit1 

Equal 
variances 
assumed 

.086 .771 2.326 32 .026 2.60571 1.12013 .32409 4.88734 

Equal 
variances 
not 
assumed 

  2.343 28.853 .026 2.60571 1.11190 .33112 4.88031 

 

Change in Biceps fold thickness (v3-v1 difference) was significantly different between LOLA and 

Placebo groups after 12 weeks of treatment, on t- testing (p=0.026). 

 Triceps Skinfold Thickness 

Two triceps skin-fold readings per visit were taken, the SEM error was used here to exclude erroneous 

measurements (SEM 1.0>). Of 101 pairs of measurements, there was one episode were SEM was 1.5 

only. 

On t-testing no significant gain in triceps skinfold was seen, p=0.747 (Table 10.7). Bland Altman plots 

(Figure 10.5) were again undertaken to examine the agreement of readings on each visit day. There 

was evidence of proportional bias on these plots (Table 10.8), p=0.036.  
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Table 10.7. Mean Triceps skinfold readings visit 1, 2 and 3, SEM on v1 and v3 and difference between 

readings visit 3 and visit 1. Mean skinfold thickness readings are shown on the first and final 

visit day with SEM in the adjacent column. No significant changes in triceps thickness 

occurred in either group, p =0.747. 

group subject 

Mean Triceps 
thickness (mm) 
v1 

Standard 
Error of 
Mean v1 

difference 
v3-v1 

Mean Triceps 
thickness (mm) 
v3 SEM v3 

Mean 
difference 
v3-v1 

LOLA 1 24 0 0 16 0 -8 

LOLA 2 17.5 0.5 1 17 0 -0.5 

LOLA 3 22.5 0.5 1 26 0 3.5 

LOLA 4 11.5 0.5 -1 13 0 1.5 

LOLA 6 43.5 1.5 3 36.5 0.5 -7 

LOLA 11 14.5 0.5 1 10 0 -4.5 

LOLA 13 12.5 0.5 1 15.5 0.5 3 

LOLA 14 17.5 0.5 1 16.5 0.5 -1 

LOLA 21 32.5 0.5 -1 24.5 0.5 -8 

LOLA 23 17 0 0 31.5 0.5 14.5 

LOLA 25 12.5 0.5 -1 22.5 0.5 10 

LOLA 28 30 0 0 8.5 0.5 -21.5 

LOLA 30 23 1 2 25 0 2 

LOLA 32 15 0 0 22.5 0.5 7.5 

Placebo 5 21.5 0.5 1 16 0 -5.5 

Placebo 7 20.5 0.5 1 26 0 5.5 

Placebo 8 12 0 0 13 0 1 

Placebo 9 35.5 0.5 1 9 0 -26.5 

Placebo 10 9.5 0.5 -1 25 0 15.5 

Placebo 12 12 0 0 13.5 0.5 1.5 

Placebo 15 29.5 0.5 -1 12 0 -17.5 

Placebo 16 9 0 0 28.5 0.5 19.5 

Placebo 17 28.5 0.5 -1 12.5 0.5 -16 

Placebo 18 38 0 0 16.5 0.5 -21.5 

Placebo 19 16.5 0.5 1 22 0 5.5 

Placebo 20 25 0 0 22.5 0.5 -2.5 

Placebo 22 17 0 0 24.5 0.5 7.5 

Placebo 24 10 0 0 24.5 0.5 14.5 
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group subject 

Mean Triceps 
thickness (mm) 
v1 

Standard 
Error of 
Mean v1 

difference 
v3-v1 

Mean Triceps 
thickness (mm) 
v3 SEM v3 

Mean 
difference 
v3-v1 

Placebo 26 6.5 0.5 -1 12 0 5.5 

Placebo 27 17.5 0.5 -1 16.5 0.5 -1 

Placebo 29 24 0 0 18 0 -6 

Placebo 31 18.5 0.5 -1 14 0 -4.5 

Placebo 33 25.5 0.5 1 20 0 -5.5 

Placebo 34 15 0 0 8.5 0.5 -6.5 

T-TEST 
 

0.6601 0.1088    0 0.7473 

 

 

Figure 10.5. Bland Altman Plot showing the reproducibility of Reading 1 and Reading 2 of Triceps 

Thickness taken of the same individual on the same study day. Only 3.9% of the values lay 

outside the 95 % CI. The x-axis is the TCPs Reading 1- TCPs Reading 2, the y-axis represent the 

mean of TCP Reading 1 and Reading 2 

When considering the Bland- Altman plot above, only four points lie outside the confidence intervals 

of a total of 102 instances/pairs of measurement. However, one-way ANOVA is significant p=0.036. 

Table 10.8, which suggest proportional bias is present in this case. Proportional bias means that one 
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set of measurements appear to give values that are higher than the second set by a proportional 

amount. 

Table 10.8. Testing for proportional bias in TCPs measurements taken above 

Coefficients 

Model Unstandardised Coefficients Standardised Coefficients t Sig. 

B Std. Error Beta 

1 (Constant) .331 .218  1.519 .132 

Mean -.022 .010 -.209 -2.132 .036 

a. Dependent Variable: TCPsdiff 

 

In the case of Triceps skinfold measurement, there were no group differences between LOLA and 

Placebo either on three sample t testing or repeated-measures ANOVA (see below, Table 10.9). 

Table 10.9. two-tailed t-test of change in TCPs thickness between groups. 

Independent Samples Test 

 Levene’s Test 
for Equality 
of Variances 

t-test for Equality of Means 

F Sig. t df Sig. (2-
tailed) 

Mean 
Difference 

Std. Error 
Difference 

95% 
Confidence 
Interval of the 
Difference 

Lower Upper 

TCP 
diff 
v3-v1 

Equal 
variances 
assumed 

3.429 .073 1.674 32 .104 .550 .329 -.119 1.219 

Equal 
variances 
not 
assumed 

  1.556 20.688 .135 .550 .354 -.186 1.286 

 

A two-way mixed repeated measures ANOVA, two by three model (two groups, three visits) (Figure 

10.6) was performed to examine the main effects of treatment or group at each time point on 

triceps skinfold thickness. There was no significant main effect of group F(2,62)=0.258, p= 0.795 on 

triceps skinfold thickness. Bonferroni correction was applied. 
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Figure 10.6. Profile plot of TCPs skinfold thickness by visit LOLA (red) Placebo (blue). The repeated 

measures plot suggests differing baselines between the two groups, but these were not 

significant and nor were any significant group differences (main effect) seen on RM ANOVA, 

main effect of Group F(2,26)=0.258, p= 0.795. 

A bivariate plot (Figure 10.7) was used to see how it at all these various measures of the upper limb, 

power, and anthropometry compare. 

The most substantial and most direct positive relationship is between the visit 3 – visit 1 difference of 

the mean of three grip measures and the visit 3 - visit 1 difference of the peak or best of three grip 

strength, which suggest that either measure is valid in this case. 

The biceps skinfold thickness difference did seem to correlate weakly in a positive direction with the 

difference in triceps and mean grip and peak grip strength but not with MAMC difference. 
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Figure 10.7. Scatter Plot of Bivariate variables 

Below Table 10.10 illustrates the only two statistically significant relationships are identified at the level of 

0.05 significance level there is a negative correlation between Biceps difference and Group -0.380, in Group 

1 or LOLA the biceps difference is higher than in Group 2 or Placebo. Where Biceps change is the muscle 

thickness that has been gained over the 12 weeks as the change was measured visit 3- visit 1. 

The correlation of Peak Grip difference and Mean Grip difference is correlated highly, close to 1.00 in 

a positive fashion 0.928 as would be expected given how closely related the two variables are. Please 

note rv1 denotes random variable which contains a normally distributed random number string 

computed by SPSS for purposes of studying the correlations. 
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Table 10.10. Correlation p-values of the bivariate plot above, where rv1 represents a random column of 

values which are normally distributed and generated by SPSS. The change in biceps tendon 

thickness correlates significantly with group, p=0.05 level, but with not of the other UL 

parameters of anthropometry or handgrip strength. 

Correlations 

 MAMC 
diff 

TCP diff v3-
v1 

BCP diff 
visit3-visit1 

Peak Grip 
difference 
v3-v1 (lb) 

Mean 
difference 
v3-v1 

rv1 Group 

MAMC 
diff 

Pearson 
Correlation 

1 -.085 -.050 .038 .066 -.022 .152 

Sig. (2-tailed)  .633 .777 .830 .710 .902 .391 

N 34 34 34 34 34 34 34 

TCP diff 
v3-v1 

Pearson 
Correlation 

-.085 1 .196 -.129 -.159 -.230 -.284 

Sig. (2-tailed) .633  .267 .469 .371 .191 .104 

N 34 34 34 34 34 34 34 

BCP diff 
visit3-
visit1 

Pearson 
Correlation 

-.050 .196 1 .267 .223 .023 -.380* 

Sig. (2-tailed) .777 .267  .127 .206 .899 .026 

N 34 34 34 34 34 34 34 

Peak Grip 
difference 
v3-v1 (lb) 

Pearson 
Correlation 

.038 -.129 .267 1 .928** -.160 -.086 

Sig. (2-tailed) .830 .469 .127  .000 .367 .630 

N 34 34 34 34 34 34 34 

Mean 
difference 
v3-v1 

Pearson 
Correlation 

.066 -.159 .223 .928** 1 -.095 -.063 

Sig. (2-tailed) .710 .371 .206 .000  .592 .722 

N 34 34 34 34 34 34 34 

rv1 Pearson 
Correlation 

-.022 -.230 .023 -.160 -.095 1 .168 

Sig. (2-tailed) .902 .191 .899 .367 .592  .342 

N 34 34 34 34 34 34 34 

Group Pearson 
Correlation 

.152 -.284 -.380* -.086 -.063 .168 1 

Sig. (2-tailed) .391 .104 .026 .630 .722 .342  

N 34 34 34 34 34 34 34 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 
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 Six Minute Walk testing 

Lower Limb Power Testing results showed no significant treatment advantage from LOLA therapy. A 

two-way mixed repeated measures ANOVA, two by three model (two groups, three visits) (Figure 

10.8) was performed to examine the main effects of treatment or group at each time point on Six-

minute walk test. There was no significant main effect of group F(2,60)=2.420, p= 0.098. Bonferroni 

correction was applied. 

Table 10.11. Repeated measures ANOVA for the six-minute walk test. The only significant effect was of 

time; the main effect under study which was treatment group was not significant, Group 

F(2,60)=2.420, p= 0.098. 

Tests of Within-Subjects Effects 

Measure: MEASURE_1 

Source Type III Sum 
of Squares 

df Mean Square F Sig. Partial Eta 
Squared 

time Sphericity 
Assumed 

225.609 2 112.804 6.261 .003 .173 

Greenhouse-
Geisser 

225.609 1.985 113.650 6.261 .003 .173 

Huynh-Feldt 225.609 2.000 112.804 6.261 .003 .173 

Lower-bound 225.609 1.000 225.609 6.261 .018 .173 

time * 
Group 

Sphericity 
Assumed 

87.213 2 43.606 2.420 .098 .075 

Greenhouse-
Geisser 

87.213 1.985 43.933 2.420 .098 .075 

Huynh-Feldt 87.213 2.000 43.606 2.420 .098 .075 

Lower-bound 87.213 1.000 87.213 2.420 .130 .075 

Error(time) Sphericity 
Assumed 

1080.949 60 18.016    

Greenhouse-
Geisser 

1080.949 59.553 18.151    

Huynh-Feldt 1080.949 60.000 18.016    

Lower-bound 1080.949 30.000 36.032    

 

The profile plot below (Figure 10.8) shows that although both groups improved their walking with 

time, improvements for the LOLA group seemed greater given lower initial baseline ability but were 

non-significant F(2,60)=2.420, p= 0.098. 
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Figure 10.8. Profile plots of 6MWT a) the no. of increments of 25-metre lines walked, and b total metres 

walked in 6MW, displaying non-significant trends in walking ability 

 Six Minute Walk testing, Ammonia and Clinical Severity of Cirrhosis  

Please refer to Section 5.7 for markers of disease severity; ammonia, UKELD and Child-Pugh for 

repeated measures ANOVAs. These are mentioned only briefly here again, as a correlation plot of 

change in these parameters against change in six-minute walk test was performed.  

 There were also no significant differences on repeated measures ANOVA or t-tests of the difference 

visit 3-visit 1 for either UKELD, Child-Pugh class or serum ammonia. 

A correlation scatter plot Figure 10.9 shows a lack of relationship between change in Child-Pugh, 

UKELD, ammonia and Group (LOLA or Placebo) and six-minute walk test. This correlation plot was 

undertaken as measures of power by six-minute walk test have been shown to correlate with survival 

in other chronic diseases. 
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Figure 10.9. Scatter plot matrix examining the relationship between UKELD, Child-Pugh and ammonia. No 

apparent correlational relationship is seen between lower limb power and UKELD, Child-Pugh 

or ammonia.  

10.3 Untargeted metabolic profiling results 

Muscle samples were prepared for metabolic profiling by liquid-solid extraction before UPLC-MS 

analysis using two chromatographic methods optimised for both small polar molecules and lipids. 

Following sample analysis, data were processed in R (using XCMS package), and multivariate statistical 

analysis was performed in SIMCA 15. Unsupervised and supervised methods were used to interrogate 

the data, and the results of the created models are explained in this chapter. 
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 Modelling using unsupervised methods: Principle Component Analysis (PCA) 

PCA does not require any input related to the samples (observations) or the study design, and it is 

used to see the highest sources of variation in the data, to detect trends, patterns and outlier 

observations. PCA results can be visualised in the scores scatter plot, which is a map of the 

observations and shows the orthogonal variables (or principal components) explaining the largest 

variation between the observations. 

PCA models of all the different analysis performed were generated. Pareto scaling was applied to all 

the datasets and scores scatter plots showing the distribution of the analysed samples across principal 

components (PC) one and two were produced. 

Lipid analysis: RPC-ESI(+)-MS 

 

Figure 10.10. Lipid profiling, positive ion mode. PCA scores plot coloured by group (zooming into the area 

to visualise QC samples) and summary of fit (R2=0.816, Q2 = 0.69). PC1 and PC2 explain 57.4 

% and 19.1% of the total dataset variance, respectively. 

The scores plot from the lipid profiling analysis in the positive mode (figure 10.10) shows tight 

clustering of the QC samples indicating reproducibility of the analytical platform and minimum 

analytical variance. No apparent trends or clustering of samples from the two different groups 

(placebo and LOLA groups) were observed. It can be hypothesised that PC1 is related to the sample 

dilution, as it is in the same direction as the QC diluted samples are distributed. Two outlying samples 

can be seen, corresponding to participant 18 (placebo group, visit 2) and participant 30 (LOLA group, 

visit 1). To understand why those samples are outliers, raw UPLC-MS data and clinical data were 

checked, concluding that the tissue weight used for the metabolite extraction is responsible for the 

observed trend in the PCA scores plot. By colouring the observations according to the sample weight 

(figure 10.11), a clear pattern based on sample weight was seen in the scores plot. 



388 

 

Figure 10.11. Lipid profiling, positive ion mode. PCA scores plot coloured by muscle sample weight after 

excluding QC and QC dilution samples. 

After removing the two outlying samples, as well as the QC samples and QC dilution samples, a new 

PCA model was created and no clustering according to group, visit, and group and visit were observed. 

When coloured by sample weight, clustering of samples based on muscle weight could be seen (Figure 

10.12). 
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Figure 10.12. Lipid profiling, positive ion mode. PCA scores plot after removal QC, QC dilution and two 

outlier observations coloured by group (A), visit (B), group and visit (C) and muscle sample 

weight (D). PC1 and PC2 explain 46.2% and 20.3% of the total dataset variance, respectively. 

The same models were built for the rest of the UPLC-MS datasets obtaining identical results: the main 

source of variation of the data was related to the sample weight, and no clustering based on group or 

visit could be observed. The corresponding scores plots are shown below Figure 10.13. 

Lipid analysis: RPC-ESI(-)-MS 

 

Figure 10.13. Lipid profiling, negative ion mode. PCA scores plot coloured by group (A), where good 

clustering of QC samples (in red) is observed, and muscle sample weight (B). R2=0.871, 

Q2=0.711. PC1 and PC2 explain 69.2% and 11.2% of the total dataset variance, respectively. 
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Small molecules analysis: HILIC-ESI(+)-MS 

 

Figure 10.14. HILIC profiling, positive ion mode. PCA scores plot coloured by group (A), where good 

clustering of QC samples (in yellow) is observed, and muscle sample weight (B). R2=0.84, 

Q2=0.494. PC1 and PC2 explain 42.5% and 15.3% of the total dataset variance, respectively. 

Small molecules analysis: HILIC-ESI(-)-MS 

 

Figure 10.15. HILIC profiling, negative ion mode. PCA scores plot coloured by group (A), where good 

clustering of QC samples (in yellow) is observed, and muscle sample weight (B). R2=0.814, 

Q2=0.631. PC1 and PC2 explain 70.7% and 6.09% of the total dataset variance, respectively. 

Table 10.12. Major and minor outliers on PCA plots that appear to be due to the tissue weight 

Model Major Outliers Minor Outliers 

Lipid Positive Participant 18 visit 2, Participant 30 visit1 - 

Lipid Negative Participant 18 visit 2, Participant 30 visit1 Participant 16 visit 3, 

Participant 25 visit 1 

HILIC Positive Participant 18 visit 2, Participant 30 visit1 Participant 9 visit 1, 

Participant 14 visit 3 

Participant 5 visit 2 

HILIC Negative Participant 18 visit 2, Participant 30 visit1  Participant 14 visit 3, 

Participant 11 visit 1 
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 Modelling using supervised methods: Orthogonal Projection to Latent 
Structures Discriminant Analysis (OPLS-DA) 

The metabolic differences between the LOLA treated, and placebo-treated groups could be very 

subtle, and thus, PCA would not be sufficient to observe those differences due to the presence of 

more substantial cofounding factors (i.e. sample weight). Supervised methods were then employed 

to interrogate the data, specifying the relevant observations information (i.e. participant group and 

visit number). 

Pairwise comparisons (see table 10.13) using OPLS-DA of all the datasets acquired were performed, 

but no valid models were generated indicating that there were no metabolic differences between the 

placebo and LOLA groups in any of the visits. 

Table 10.13. Summary of OPLSDA models generated. This summarises the negative models created  

Comparison* Comments 

LOLA V1 vs placebo V1 No valid models were generated. First, visit for both groups, so no 
differences expected to be seen between these groups 

LOLA V2 vs placebo V2 No valid models were generated comparing placebo, and LOLA treated 
participants for four weeks 

LOLA V3 vs placebo V3 No valid models were generated despite the participants having taken LOLA 
for a longer time 

LOLA V2&3 vs placebo V2&3 Putting together the two visits after treatment to have a larger number of 
samples per group to increase the statistical power, but no valid models 
were generated 

LOLA V1 vs V3 No valid models were generated comparing baseline and 12 weeks of LOLA 
treatment 

Placebo V1 vs V3 No valid models were generated. No differences were expected to see 
between these two groups as participants were taking the placebo 

* V1: visit 1, baseline; V2: visit 2, four weeks of placebo/LOLA treatment; V3: visit 3, twelve weeks of 

placebo/LOLA treatment. 

10.4 Discussion 

The effects of LOLA on biceps mass may be nutritional as cirrhosis is a catabolic state, and those in the 

LOLA intervention arm did receive an extra 15g of amino acids per day (of a total 18g preparation per 

day). It is unclear why these benefits also did not translate into MAMC or triceps mass gain. 

Studies, including measures of anthropometry, have been complicated by the variation in 

measurements. Skinfold measures of the upper limb were studied at the bedside using 
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anthropometric measures using skinfold callipers of the biceps, triceps. MAMC was also measured. 

Gender was not accounted for, but both study groups though unequal sizes, contained the same 

proportion of males and females, and the gender ratio was non significantly different at baseline. 

Additionally, the subjects each acted as their control and measures were of improvement or change.  

Two measurements of skinfold, not four, were utilised. This was a deliberate choice as non-upper limb 

measures may be unreliable in the context of cirrhosis, especially where the dry weight of the subject 

is not accurately known. The most evidence for skinfold measures in chronic liver disease is from 

MAMC and handgrip strength measures, biceps and triceps skinfolds have also been shown with 

success (Alberino et al., 2001). However, handgrip has been shown to be an independent predictor of 

survival in these populations (Álvares-da-Silva and Reverbel da Silveira, 2005). It has also been shown 

to a predictor of skeletal muscle mass and post-operative survival in patients with oral cancer (Guo et 

al 1996). 

Bicipital and tricipital skinfold thicknesses per visit were taken by the same operator, myself, to reduce 

variability. The standard error of the mean was minimal and published data suggest a variation of +/- 

one millimetre is an acceptable variation for a repeat measurement. A significant difference was found 

only on biceps fold thickness, which seemed to increase significantly with LOLA therapy. The dual 

measurements of biceps and triceps skinfold thicknesses did show good repeatability when Bland 

Altman plots were performed. The changes in triceps thickness did not mirror the changes seen in 

biceps thickness. The gain in biceps skinfold thickness with LOLA is likely to be due to a purely 

nutritional effect and as such reflects an increase in fat rather than muscle bulk per se. Another factor 

is that even the most extensively power skinfold studies (Kim et al., 2006) have a limited amount of 

data on how to interpret skin fold measures in different ethnicities, although my study population 

have good command of English as their L1  at least half are not of white Caucasian ethnicity.  

Changes in MAMC might have been expected as this is a known marker of nutritional status. However, 

this effect may have been lost due to the validity of a single set of measurements per time-point being 

taken. The effects of LOLA on biceps mass may be nutritional as cirrhosis is a catabolic state, and those 

in the LOLA intervention arm did receive an extra 15 g of amino acids per day (of a total 18 g 

preparation per day). It is unclear why these benefits also did not translate into MAMC or triceps 

skinfold thickness gain. However, other anthropometric studies in those with chronic liver disease, 

have also failed to find a correlation with Triceps skinfold, Biceps skinfold and MAMC measurements 

(Yovita et al., 2004). One weakness of this data set was a single measurement per visit of MAMC, which 

did not allow for standard deviations or errors to be calculated. 
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There was no statistical change in power as measured by a hydraulic hand grip meter between LOLA 

and placebo on repeated measures ANOVA or t- testing of the difference over 12 weeks. Other studies 

have found hand-grip strength a predictor of survival in cirrhosis. While I adhered strictly to the 

standardised SOP, some of my female patients had long fingernails despite my instructions to clip 

them short in advance, which may have affected some measurements (Roberts et al., 2011), but it 

applied to the same individuals on all three visits. A significant difference in repeated measures 

ANOVA of lower limb power was seen, but this was the effect of time, not the effect of LOLA, as over 

time both LOLA and placebo groups improved which may reflect a number of confounders, including 

practice effects, improved awareness of importance of diet and fitness during the routine course of 

the study participation. It was measured by using a six-minute walk test, but this was confounded by 

psoriatic arthropathy, morbid obesity, and previous malaligned lower limb injury in at least three 

cases. I should add that some subjects also had lower limb oedema, some ascites and some baseline 

muscle atrophy common in cirrhosis so this confounded their ability to walk up and down a 25-meter 

marked length of the corridor for a maximum number of times until six minutes elapsed. 

The muscle biopsies themselves were performed under local anaesthetic on awake patients. All 

subjects that completed the study underwent sampling at the three-time point. This was except the 

sole subject who had alcoholic cirrhosis and was suddenly warfarinised for a portal vein thrombosis 

mid-study. His data was not excluded, but only the baseline muscle sample was obtainable. 

Lateral vastus biopsies can be quite uncomfortable, particularly after the local anaesthetic wears off. 

Many patients were quite anxious regarding the biopsy, which sometimes affected the yield. Also, 

those subjects in pain at the time of later fMRI scanning may have significantly impacted their 

performance. Analgesia was offered routinely in the day unit post-procedure around 0900-0930 am. 

At 1330 patients were transported via taxi to the MRI facility for the two-hour scan protocol, while I 

remained their medical escort until the close of the day at about 1600-1700; no analgesics could be 

prescribed or administered after leaving St. Mary’s liver day unit. 

There were no complications in the 99 muscle biopsy procedures undertaken on these subjects (all 34 

subjects had three each, except one individual who was commenced on anticoagulation mid-study 

and did not otherwise meet exclusion criteria; a second subject was the only subject to miss out 

altogether on study visit 2 due to hospitalisation elsewhere for unrelated orthopaedic problems). All 

enrolled subjects found it acceptable to have three consecutive samples taken. No participant 

withdrew from the study due to the requirement for serial muscle. The one subject who had a 

sampling at week 1 only rather than at week 4 and 12 was a clinical decision made for medical reasons 

(anticoagulation). One subject came in for a day three dressing change which I performed when I 
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assessed him post-biopsy; as he was worried about oozing, but this was oedema related, and there 

was no clinical concern, and the microscopy and culture swabs were returned as nil growth. 

For the performance of UPLC-MS, the muscle samples were extracted using different solvents, 

obtaining an aqueous and a non-aqueous dried extract for each subject per visit. The original protocol 

I adapted was used for vein tissue preparation for UPLC-MS analysis (Anwar et al., 2015), and I think 

this is appropriate because vascular tissue contains musculature. The authors tested several solvents 

and selected the optimal combination of them to extract both lipids (using MTBE/methanol (v:v, 3:1)) 

and small polar metabolites (using methanol/water (v:v, 1:1)), to be analysed by complementary 

analytical techniques. The use of chloroform/methanol for lipid extraction has been considered the 

gold standard since the late fifties (Folch et al., 1957), (Bligh and Dyer, 1959), but chloroform has 

health and environmental hazards, so the use of MTBE is also advantageous in this sense, and has 

been widely used in literature too (Matyash et al., 2008), (Sostare et al., 2018). I performed the same 

extraction for another recently published muscle study (Puthucheary et al., 2018) and ran all of their 

intensive care muscle samples identically to this technique in the course of my lab work. The muscle 

extraction procedure to obtain the dried muscle extracts was necessarily a very lengthy procedure. 

Samples could only be prepped in batches of 25 including blanks tubes of solvent plus zirconium beads 

used for tissue homogenisation. So, samples were defrosted and prepared over four days. During the 

creation of the dried extracts, the raw muscle samples were only defrosted once, to homogenise 

before extraction. Care was taken to treat all samples equally in terms of freeze-thaw cycles. 

All sample preparation was performed over four days entirely by myself to minimise any variation. At 

the end of this time completed dried extracts were stored at -80°C and only thawed again at the time 

of reconstitution before the UPLC-MS experiments. I was therefore successful in limiting repeated 

freeze-thaw cycles, which cause sample quality to deteriorate. 

Of the four experiments conducted, HILIC and lipidomic positive and negative ion modes, no group 

differences were found. 

The only significant trend found in the experiment was based on the sample weight differences, 

despite normalising the data based on sample weight. All major and minor outliers were outlying due 

to weight. When attempts were made to remove these outliers, then these were replaced by other 

outliers again only outlying due to sample weight.  

Unfortunately, while attempts were made to collect samples of a uniform size, given samples are 

obtained on an awake subject using local anaesthesia only and have to be flash-frozen within 15 

seconds from removal, the process did produce some undesirable variations in sample weight which 
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were only apparent after samples had been prepared. The range of sample weights was - mean SD, 

Sample weight was affected by whether the subject was anxious, whether it was their first or third 

biopsy (generally subjects were more relaxed after visit one procedure) if they had visible sarcopenia 

more likely to have lower yield of more inferior quality muscle(fatty) or gristle obtained. Whether they 

had any limb oedema, some samples looked large naked eye but were subsequently found to be 

waterlogged at microscopy. See H and E microscopy photo of a subject who put on 10 kg of fluid 

weight between visits, consequently due to the ingress of water myocyte size increased three-fold 

when compared to another subject without tissue oedema at the same magnification. Despite having 

corrected or normalised the data using the muscle sample weight before doing any multivariate 

analysis, the weight was the primary source of variation observed in all the metabolic profiling 

datasets generated. Perhaps lateral vastii sample masses were too small to detect significant 

metabolic differences using UPLC-MS between LOLA and placebo-treated individuals even if it were 

to exist. 

The photographs through the microscope (Figure 10.16 and 10.17) are at equal magnification, but 

subject 6 has significantly larger myocytes compared to subject 21’s myocytes. 

 

Figure 10.16. Photograph of subject 6’s muscle at 10 x magnification below 
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Figure 10.17. Subject 21’s muscle at 10 x magnification below 

The method of normalisation by weight selected did take the individual sample weights into account; 

however, in each case, the outliers were outlying due to reasons of weight. As explained above, this 

may be due to my inability to correct for waterlogging of samples due to tissue oedema at the time of 

obtaining a biopsy. Alternatively, perhaps a second concentration step usually reserved for samples 

such as urine sample may be considered for further work. It is not possible to say whether any group 

differences exist between LOLA arm and Placebo for this reason. 

Anthropometry showed a treatment benefit of LOLA on the bicipital thickness on independent 

samples t-test of the differences between visit 1 and visit 3 for each subject. A significant improvement 

or gain in biceps skinfold thickness with LOLA treatment mean gain 1.55 mm compared with placebo 

mean loss of 1.00 mm. Repeated measures ANOVA at week 1 and week 12 also confirmed a significant 

difference in BCPs thickness between LOLA and placebo. 

Ultimately no metabolic differences were noted within the lateral vastii muscle in either small 

molecules or lipid species when placebo was compared to LOLA in any of the OPLS-DA models 

examined. The largest source of variance in the data was related to the weight of the muscle sample 

used to do the metabolite extraction. In all of the PCA models, the same two outliers were observed: 

the two samples with the lowest weight that belong to different groups and visits. Please note these 

were not the same as outliers in the MRI studies that could be predicted on the basing of abnormal 

T1 images.  
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10.5 Conclusions 

Anthropometry showed a treatment benefit of LOLA on the bicipital skinfold thickness on 

Independent samples t-test of the differences between visit 1 and visit 3 for each subject. A significant 

improvement or gain in Biceps with LOLA treatment mean gain 1.55 mm compared with placebo mean 

loss of 1.00 mm. Repeated measures ANOVA at week 1 and week 12 also confirmed a non-significant 

trend difference in BCPs thickness between LOLA and placebo. 

Ultimately no metabolic differences were noted within the lateral vastii muscle in either small 

molecules or lipid species when placebo was compared to LOLA in any of the OPLS-DA models 

examined. The largest source of variance in the data was related to the weight of the muscle sample 

used to do the metabolite extraction. In all of the PCA models, the same two outliers were observed: 

the two samples with the lowest weight that belong to different groups and visits. Perhaps a further 

normalisation step after the initial normalisation for weight similar to of urine sample which is 

normalisation by concentration as is performed in urine sampling may be more fruitful for future work.  

The difficulties of application of standard measures of anthropometry and body fat composition such 

as BMI, weight and skinfold thickness (particularly in skin folds in the lower body) have not been 

adequately validated in individuals with cirrhosis. These subjects are frequently in a catabolic state, 

often malnourished. In some cases, obesity itself is the driver for their decompensated liver disease. 

In many cases, the effects of loss of weight or muscle mass are masked by a gain in extracellular fluid, 

in the form of pedal oedema or ascites, which further confound measurements, particularly the ones 

where the tape measure may compress the body part being measured.  
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Chapter 11 

Final Discussion 

11.1 Major Findings of the Study 

The main aim of this study was to study whether cognitive improvement either on PHES or Cogstate 

could be detectable after 12 weeks of LOLA use. 

A significant improvement in energy parameter on patient self-report was seen; this was also in 

keeping with improved SF 36 score in Vitality/Energy domain of SF-36. No significant differences in 

the presence of side-effects between groups were found. No overall improvements were seen in 

cognitive performance on PHES Europe (or PHES English) either totals or subtests or on Cogstate 

performance. WTAR was stable throughout the study. Stroop Colour Word Interference did not show 

a change after treatment either.  

On ROC analysis, the most discriminatory subtest of PHES Europe was DST, followed by NCT-A. PHES 

Europe and PHES English did not concord highly, and PHES English has a much more stringent 

definition of impairment than PHES Europe. LOLA therapy did not cause improvement in either 

primary endpoint: PHES Europe or English or in Cogstate performance after 12 weeks of treatment. 

Significant brain volume reduction was seen in the LOLA arm in the right cerebellar cortex and right 

pallidum and corpus callosum mid anterior. A proportionate increase in the size of the left lateral 

ventricle was also seen. No absolute differences in DTI parameters were seen in FA, RD, ADC or Trace 

between groups. However significant changes between first and final visit were seen in FA both in 

Whole Brain FA and Splenium where a significantly smaller difference in FA was noted in LOLA 

compared to placebo after 12 weeks. A significantly more significant increase in Whole Brain RD 

difference was seen in LOLA compared to placebo.  

fMRI did not find any group differences when LOLA and placebo activations were compared at all three 

time-points. This is robust for multiple comparisons. Subanalysis suggested that there is likely to be 

an effect of LOLA on the default mode network in performance of Choice Reaction time Task and a 

significant increase in resting network activity in terms of visual activation, at anatomical site visual 

area 2 but the significance of subanalyses were lost when correcting for multiple comparisons. 
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Both the concentration of Glu and Glx is significantly higher after LOLA treatment in the region of the 

ACC. In the case of Glu, this result is not considered further as post-hoc analysis shows that the 

baseline levels of Glu at ACC were significantly divergent at baseline for some unknown reason. In the 

case of Gln-Glu, post hoc t-testing did not show the groups to be significantly different at baseline; 

this suggests the result may be a real and novel finding.  

No significant group differences were seen in the left frontal white matter. No data from basal ganglia 

could be analysed further beyond initial prep-processing due to data quality; this was despite real-

time inspection and repeat of poor-quality spectra on visual inspection. 

A significant increase in skinfold thickness of the bicep’s skinfold was seen with a mean gain of 1.55 

mm in the LOLA arm and loss of 1.00 mm in the placebo arm. This was not associated with any increase 

in triceps skinfold thickness or midarm muscle circumference. Nor did either measure if upper or lower 

limb power testing shows a significant change. 

11.2 Cognitive impairment in this study population 

This study is different from many preceding studies as the population of interest had mild impairment 

as defined on a PHES score of -4. I included subjects as long as they had a PHES score of -4 on the day 

of the initial screen. However, several patients did not exhibit impairment on the first study day.  

While PHES is often perceived as a gold standard test, its validation and normalisation hinder 

worldwide update. Kircheis (Kircheis et al., 2002) and Goldbecker (Goldbecker et al., 2013) have both 

shown the aetiology of liver disease can affect PHES scores with those with an alcohol-based aetiology 

scoring significantly lower than non-alcohol related aetiologies.  

The majority of the subjects under study had either alcohol or HCV as the primary causal factor in both 

arms of the study. While the two study groups were heterogeneous in aetiology, this was acceptable 

for the primary endpoints of the study, Cognitive function; but may have had some implications for 

the MR volumetric and MRS studies. A more extensive study may have allowed for sub-analysis by 

aetiology particularly given the well-established paradigm of HCV associated cognitive impairment 

that may be ameliorated with modern highly efficacious agents.  

European PHES and English PHES may lead to subjects being misclassified based on normalisation 

tables or variable cutoffs. All subjects enrolled in both groups had MHE by definition a PHES test of -4 

or worse at least at the time of screening, but only seven subjects 3 in LOLA arm and 4 in placebo arm 

had a deficit large enough to be deemed impaired by the PHES-English definition, suggesting the PHES 
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English may have a more discriminatory role in OHE than MHE testing where impairment is more 

severe. (Table 1.9). Recruits to this study in the majority been educated to college level and beyond. 

Also, only those screen-positive for MHE, the mildest end of the spectrum was included. All subjects 

were employed, some in non-manual jobs. The protocol was arduous and uncomfortable so highly 

motivated, and committed individuals were required to succeed. For this reason, my population may 

not be generalisable to the degree of impairment found in other HE studies.  

Both groups contained a similar sex ratio of participants (2/3 male), which reflects clinical practice as 

there is a male preponderance in subjects with cirrhosis. 

Given these concerns over PHES, Cogstate was selected as a secondary endpoint as it was a repeatable 

computerised battery that did not show learning effects and normalisation tables established across 

countries. Cogstate is a valuable instrument and is not affected by the effects of language or 

education. However, in this population, perhaps the tests needed to be simplified, or the protocol 

shortened to remove effects of fatigue. Perhaps a less challenging battery than Cogstate may have 

been a more sensitive test. Fatigue may have affected cognitive performance during the second half 

of the day when MRI scanning was performed due to the length of the protocol. While numeracy or 

literacy was not required, subjects did require the use of a computer. This machine was deliberately 

supplied with a trackpad rather than a mouse which make the tasks easier, but also may disadvantage 

the performance of individuals less familiar with computers. 

From a cognitive standpoint, this study failed to detect a difference in part due to effect size, protocol 

fatigue, choice of psychometric test and the choice if investigative product.  

In order to try and place this work and the role of LOLA in the context of previous and future studies, 

the following systematic reviews (SR) and meta-analyses are useful to consider. Systematic analyses 

of this particular drug have been hampered by lack of placebo-controlled double-blinded studies and 

also due to the proportion of published to unpublished trial data that exists to date. Other technical 

difficulties include the wide range of heterogeneity of HE patients in many of the studies which are 

relatively small SR or 3-5 trials, from MHE to OHE to ITU setting acute liver failure patients and 

different routes of use intravenous versus oral. 

Jiang and colleagues (Jiang et al., 2009) selected 3 RCT for metanalysis in 2009. Two of the three 

studies had a placebo arm; the third study had a lactulose arm. The dose and formulation of LOLA 

used were variable: 3g orally tds in the first study, twice this dose (6g) orally tds in a second and 20g 

iv in a third. All treatment courses were of two weeks duration. All three collected outcome data 

regarding PSEI performance, blood ammonia and adverse events: a total 76/212 patients had SHE, 
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from two of the three trials. More subjects with MHE, a more massive dose or more extended 

treatment period may have produced a significant result. This study was important for the safety and 

side-effect profile. This study concluded that oral LOLA was useful for OHE (only Grade1-2) were 

examined not MHE when compared to LOLA or placebo. This metanalysis is in agreement with my 

findings that MHE did not improve with LOLA, nor did ammonia-lowering effects occur with treatment. 

However, the study dosage varied from 3g-6g and iv as well as oral LOLA was considered. But it was 

demonstrated to be safe and well-tolerated drug despite the brief duration of treatment of two weeks 

Bai (Bai et al., 2014) conducted an SR which combined 646 patients from 8 RCTs. Both OHE and MHE 

were examined, and they were able to demonstrate significant ammonia reduction across both OHE 

and MHE. They only looked at studies published in English and excluded two where the protein or 

glutamine load was given and included Mittal et al. 2011, (Mittal et al., 2011) which was an open-label 

study but did not adjust for quality of evidence. However, this metanalyses only contained 2/8 

dedicated MHE alone studies, and the oral formulation of LOLA was used in only half studies included. 

Furthermore, the duration of therapy was 14 days or less in 7/8 of the studies, which makes it 

challenging to generalise further. 

The ratio of published to unpublished data that exists has been detailed in a recent SR by Goh and 

colleagues (Goh et al., 2018). After considering 36 studies using the EPICOT format44 (Brown et al., 

2006), this group examined those RCTs where LOLA was used for prophylaxis and treatment of HE. 

They concluded there was a lack of evidence for LOLA after the studies had been stratified into the 

mode of use intravenous vs oral and degree of HE, as while meta-analyses suggest the ability of LOLA 

on mortality and HE, the quality of the evidence is low and should be interpreted with caution. 

The other large metanalysis to consider the large body of unpublished, mostly negative trial data 

recently was by Professor Butterworth and group (Butterworth and McPhail, 2019). Sixteen published 

and 10 unpublished studies were initially studied, the subsequent systematic review and updated 

meta-analysis assessed the efficacy of LOLA in eight RCTs with 646 patients with cirrhosis. All trials 

included showed some level of improvement with LOLA for OHE treatment at both moderate (1-2) 

and high (3-4) degrees of impairment. Oral LOLA was found to be effective in the treatment of both 

MHE and OHE. 

 
44 The EPICOT acronym stands for Evidence, Population, Intervention, Comparison, Outcome and Time stamp 

or date of recommendation. 
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A further study by the same group examined nine RCTs, but this time considered MHE and cirrhosis 

and OHE Grade I-IV (Butterworth et al., 2018). This group conducted a review of this study totalled 

292 subjects; data were pooled from the following: (Kircheis et al., 1997), (Stauch et al., 1998), (Abid 

et al., 2011) (Mittal et al., 2011) (Alvares-da-Silva et al., 2014) (Sharma et al., 2014) (Schmid et al., 

2010) (Sidhu et al., 2018), and a performance benefit on psychometry and ammonia reduction was 

found for oral not intravenous LOLA. 

De Soarez and group (Soárez et al., 2009) analysed 4 RCT trials; they only included studies which were 

published as full papers (rather than abstracts) with a placebo arm — all measured clinical 

improvement. Three looked at iv LOLA, the fourth at the oral preparation. Two studies looked at  stable 

cirrhosis without HE, and one at chronic persistent OHE. 

Perez Hernandez and group (Perez Hernandez et al., 2011) analysed data from 6 double-blinded RCTs 

totalling 623 patients. They examined the effect of iv LOLA in either cirrhosis or ALF and showed 

improved psychometric performance and ammonia reduction, but at least 201 subjects (Acharya et 

al., 2009) had an acute fulminant liver failure which makes it challenging to generalise about the study 

population, due to heterogeneity. 

Unlike many of the LOLA studies above measured ammonia, this study did not find any improvement 

in venous ammonia with LOLA treatment. However, venous ammonia sampling has been shown to be 

very inaccurate in previous studies and is probably of uncertain significance regardless when the grade 

of encephalopathy is minimal (Kundra et al., 2005). Ammonia levels have only been successfully 

correlated with consciousness level in acute liver failure (Bernal et al., 2007). The problems that arise 

from the tourniquet artefact when obtaining venous samples and the risk sample deterioration during 

transport time to the lab, noted historically (Phear et al., 1955) are still important factors relevant to 

this study. All transfers occurred on ice and were delivered within 15 minutes of taking as the lab is 

across the road in a separate building, while the delay was constant to each sample; it did nevertheless 

constitute a delay. As observed by Lockwood (Lockwood, 2004) the absolute circulating ammonia 

value is likely to be far less important in MHE and HE than the amount of ammonia crossing the blood-

brain barrier or the cerebral ammonia metabolic rate.  

11.3 Beyond cognition – self-reported outcomes 

Self-report quality of life data suggested that the intervention with LOLA was safe and well-tolerated 

with few side effects. Also, participants randomised to LOLA were significantly more likely to report 

improved sleep and showed trends towards better concentration and memory and sleep quality. 
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While overall SF-36 scores were not significantly different, comparison of means of both LOLA and 

placebo in each of the seven domains t-test, showed significantly higher mean score in the domain of 

vitality/energy in those in LOLA than placebo; which corroborates with earlier significant self-report 

data of increased energy. 

However, SF-36 data is difficult to interpret fully as by definition, the tool is designed to be used 

unsupervised and presence, or prompting by health care professionals is known to alter subjects’ 

perceptions. The tool was used unsupervised but owing to deficits in attention and concentration; the 

questionnaire was not completed fully in six instances. Omissions in scores meant those differences 

could not be calculated. The only affected domains were physical function. Notably, vitality/energy 

scores were complete with no omissions. 

The WTAR was expected to remain static over the study course, and this was demonstrated both in 

this study and by other researchers previously as in MHE as verbal IQ is known to be preserved 

(Schomerus and Hamster, 2001).  

In contrast, there were also no significant treatment effects on performance of any subtest of the 

Colour Word Interference test including Colour Naming, Word Reading, Inhibition and Inhibition and 

Switching Conditions. This is in contrast to studies (Bajaj et al., 2013), (Bajaj et al., 2015) identifying an 

Encephalapp version of the Stroop paradigm as having good predictive ability when compared to 

PHES, so theoretically a treatment effect should be apparent if present. 

This thesis is an important proof of principle study and demonstrates a large volume of multi-modal 

data can be successfully acquired in the MHE population during the course of a randomised blinded 

placebo-controlled clinical trial using L-ornithine L-aspartate. LOLA therapy was associated with 

significant quality of life improvement with significantly enhanced reported energy levels, supported 

by SF-36 Short form survey subdomain vitality and energy scores being significantly improved. The 

oral dose of 6g tds was well tolerated for the 12 weeks study. No subject dropped out due to drug side 

effects. 

11.4 Brain structure and function 

HE is a state of neuroinflammation and oedema, if this were treated, then oedema may resolve. 

Therefore by modulating ammonia, I intended to modulate brain oedema. Subcortical volumes were 

reduced in three areas, including the mid anterior corpus callosum and the right pallidum, and in the 

cortex (right cerebellum) with LOLA treatment. The fourth area, the left lateral ventricle, showed an 

appropriate increase in size with treatment. A change of brain volume with encephalopathy treatment 
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similar to a study using lactulose was observed (Patel et al., 2004). However, this was only true for 

subcortical structures in the present study.  

It is unclear why related changes in other cortical volumes and thickness were not found, but the areas 

identified earlier are implicated in the Default Mode Network, and the corpus callosum is a known site 

of structural disease, particularly in alcoholics. Cortical atrophy in isolation found on MR was not an 

explicit exclusion criterion for this study. However, as each subject was being compared to themselves, 

the relative change was more important.  

No significant absolute group differences between LOLA and placebo were noted in the DTI 

parameters of FA, RD, AD or TR overall when measured within the splenium, body and tail of the 

corpus callosum, or when an average of the whole brain was taken on first and final visits. 

The only significant changes were in the region of the splenium of the corpus callosum and Whole 

Brain FA and Whole Brain RD when a change in DTI parameters was examined (visit 3 minus visit 1), 

there were significant group differences in FA localised to the splenium on comparison of LOLA and 

placebo groups (p=0.025). Overall whole-brain white matter group differences were also significant 

for change in FA (p=0.017) and whole-brain change in Radial Diffusivity (p=0.047). The FA difference 

was significantly reduced in the LOLA arm; LOLA treatment may have attenuated the drop in FA over 

time when compared to placebo. Qi and colleagues (Qi et al., 2012a), (Qi et al., 2013) showed 

significant FA reduction in MHE compared with healthy controls within the corpus callosum. If FA 

decreases in HE, it suggests oedema in brain tissue permitting more spherical pattern of diffusion. If 

FA increases, it suggests that there is a reduction in oedema or permeability, allowing increased 

directionality of water movement, this may be a consequence of LOLA therapy. 

The mean RD difference was significantly increased in LOLA arm compared to placebo. 

The CC is a long enough fibre bundle for the direction of fibre running to mostly agree and produce 

tract images. The posterior end or thickest part is called splenium, where these changes occurred. As 

such, it is not surprising that if there were a structural difference observed in a low power study such 

as this, it would be the most likely location to identify the effect.  

Previous alcohol misuse was prevalent amongst this study population, and it is well-known alcohol 

misuse correlates with a thinning out of Corpus callosum, even in individuals who have not yet 

developed cirrhosis of the liver (Harper and Kril, 1988). This landmark study was able to demonstrate 

this on autopsy findings of harmful drinkers even in the absence of liver, disease, amnesia or OHE. It, 

therefore, seems likely that some structural changes will be found in my study population as even if 
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now abstinent, those with alcohol as the aetiology for their cirrhosis are likely to have consumed 

sufficient lifetime doses of alcohol already. This finding has been replicated in MR studies (Estruch et 

al., 1997) (Pfefferbaum et al., 1996). Perhaps if a more extensive study were performed to include all 

aetiology of cirrhosis except alcohol, new insights into Corpus Callosal microstructure may be 

obtained. When considering the T1 images, 4/7 brains showed mild to moderate volume loss and 

therefore to fully account for this as a covariable, a larger dataset would be required.  

FA usually decreases with age (Abe et al., 2002); this phenomenon is thought to reflect fibre density, 

axonal diameter and myelination in WM (Mazziotta et al., 1995). The ADC treats all water movement 

as being the product of Brownian motion only and ignores all local effects and structures, e.g. fibre 

tracts. The magnitude of ADC depends on where in the brain it is measured, i.e. faster along an axon 

than cutting through it at 90°, but generally, it increases with age. RD increases with advancing age 

and demyelinating pathology. Averaging source images obtain the trace value and it is sensitive to 

diffusion in different directions. It is possible that the brain MHE is subject to change similar to biologic 

ageing. 

Subtle structural abnormalities in the outliers who were mostly recovered chronic alcoholics, and did 

not meet study exclusion criteria may explain the lack of other findings, such as LOLA treatment 

benefit, in this study. If baseline T1 imaging had been performed before recruitment, some of these 

baseline differences might have been known in advance. While important for all aspects of MR study 

these cases of cortical atrophy and white matter change had the most crucial relevance to this study 

of cortical thickness, area and volume and of white-matter microstructure, based primarily on the 

study of the largest white matter fibre tract, the corpus callosum. 

Unlike previous studies (McPhail et al., 2013), there were no significant overall fMRI changes seen in 

this study in total summed activation of group averages for both tasks for all 34 patients for all three 

visits (visit 2 data were missing for subject 10). All data was discarded for subject 16 due to motion 

artefact and registration failure. 

On sub-analysis of group differences by region of interest, BOLD activation for the Choice Reaction 

Time Task averaged across Default Mode Network (CRT_DMN) was the only fMRI task result to show 

a significant treatment advantage in the LOLA arm (p=0.026), although when Bonferroni correction 

for multiple comparisons is applied, these results lose significance. Therefore, they should be treated 

as exploratory. The Default Mode network region has been implicated to be of importance in 

functional studies of overt hepatic encephalopathy (Zhang et al., 2012) and MHE (Qi et al., 2012b) 

previously. 
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fMRI is both a potentially sensitive and challenging modality in which to assess individuals with MHE 

as a small amount of movement between scans can mean the data has to be discarded as registration 

is not possible. A few of the subjects were anxious upon entering the scanner and had to be 

continuously reassured via speakers. Even small behavioural changes such as discomfort from 

biopsies, tiredness and boredom are likely to make a big difference to the signal obtained: it must not 

be forgotten that power of attention and concentration may often vary in MHE and that the scan was 

the last procedure in a 9-hour protocol. 

Many alcoholics have cortical atrophy, and many of those with HCV are ex-intravenous drug users, 

who have a pre-existing subcortical cerebrovascular disease burden as previously noted. Even if they 

do not meet the somewhat cruder exclusion criteria of previously known cerebrovascular accident 

(CVA), this means there are already structural differences present at baseline. This study excluded 

those over the age of 65 and those with any known neurological diagnosis, personal history of heart 

attacks or stroke, with the intent of maximising participants with structurally normal brains. The T1 

image reports were only available once the study had started, which is a weakness of this study. 

However, the population under study (chronic liver disease majority secondary to alcohol or HCV) are 

relatively unlikely to all have normal T1 due to the natural history of their disease. While this is an 

important potential confounder for all imaging modalities; cortical atrophy and other brain structural 

abnormalities are very relevant in fMRI where cognitive performance or improvement is being 

measured for a reversible disease process. It also confounds the structural chapters where increases 

and decreases in brain oedema, may be masked by cortical atrophy or example. Also, MRS data should 

be considered with this in mind; the challenges of fitting an appropriately-sized voxel at the correct 

location may be a reason for inadequate Basal Ganglia spectral data acquisition. 

The tasks were carefully selected for difficulty. The Working Memory task was a zero back paradigm 

and echoed the one-back card learning subtask of the second primary endpoint Cogstate 

performance. The Choice Reaction Task was much simpler and required the subject to decide if the 

chevron was pointing right or left. Tasks of similar difficulty had been previously successfully tested in 

an open-label study of the same investigational product LOLA, in a similar cohort with previous MHE 

(McPhail et al., 2013). 

While no global group differences were found in task-related activation, exploratory subanalysis 

showed CRT_DMN was the only fMRI task result to show a significant treatment advantage (p=0.026). 

At visit one, the level of activation was comparable in both groups. However, by week 12, there was a 

significant group difference with a reduction in Sum CRT_DMN related activation with time in the 

placebo arm and an increased network activation compared to baseline with LOLA therapy. 
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The DMN has long been known as an area where those with MHE have difficulties. In health, the DMN 

is the network of brain areas that are active when an individual is awake and resting. Therefore, it 

correlates inversely with focused or task-related activity. However, it is possible that in early treated 

MHE, the opposite occurs as an attempt at compensation. 

The purpose of the resting state data is to study connections and pathways that are active when the 

subject is resting, i.e. an explicit task is not being performed. The instruction that the subject is given 

is “to keep your eyes open and think of nothing”. Some patients were quite anxious. Some were 

drowsy due to the fluctuant nature of HE; they may well have experienced more anxiety during the 

“think of nothing” state. One of the problems with resting-state data can be that the BOLD signal is 

contaminated by “noise” including heart rate, respiration and head movement (Murphy et al, 2013). 

Again, no overall resting-state differences in functional connectivity were found. However, on 

subanalysis Visual Area 2 was the only resting-state network to show a significant change in activation 

with treatment. Increased activation in visual area 2 may be a consequence of MHE treatment but 

could also be due to compensatory mechanisms to upregulate connectivity inherent to early stages of 

MHE itself. 

An earlier study of resting-state functional connectivity in individuals with MHE compared to controls 

(Qi et al., 2012b) did demonstrate aberrant functional connectivity in Dorsal Attention Network, 

Default Mode Network, Visual Network and Auditory Network and preserved connectivity in 

sensorimotor network and self-referential network. This study demonstrated decreased Fc in Dorsal 

Attention Network, and both increased and decreased Fc in DMN, Auditory and Visual Networks. The 

authors suggested that an element of overcompensation may occur in early disease concerning visual, 

auditory and DMN networks. 

One limitation of this data-set, in addition to the small sample size mentioned earlier, is that the 

resources or ethical permissions to pre-screen participants with T1 MRI scanning before participation 

were not in place. That said, it would be challenging to find participants for a study on chronic liver 

disease where the main participants were either ex-alcoholics or previous intravenous drug users 

where a mild degree of cortical atrophy or small vessel disease was not present. Subjects with known 

cerebrovascular disease or significant other neurological diagnoses were of course excluded. 

The study population was composed in the main of now abstinent alcoholics with cirrhosis and those 

with HCV cirrhosis either active, previously treated or scheduled to be treated. Those on active 

antiviral treatment were not included. 
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The Basal Ganglia is known to be a vital area in HE. Butterworth (Butterworth et al., 1987) identified 

this as an area where concentrated Alzheimers type 2 degeneration occurs in HE. It has also been 

found to be an area which received increased blood flow in hepatic encephalopathy as demonstrated 

on PET (Lockwood et al., 1991). Taylor-Robinson (Taylor-Robinson et al., 1996) has found this to be 

the site of neurochemical changes on MRS with a significant reduction in mean Cho/Cr and elevations 

in mean Glx/Cr ratio. In contrast, found Basal ganglia from this data unanalysable after initial pre-

processing. This was despite the real-time repetition of any MR spectra that appeared of poor quality 

at the time of acquisition. Possible reasons for this are that the Basal Ganglia is a small structure and 

perhaps a much smaller voxel size should have been used to improve data quality and risk of partial 

voluming of voxels. All MRS was examined using LC Model. This software relies on water to be used 

as an internal reference. Cramer-Rao bounds <20% were used to express the uncertainties in 

quantitative MR spectroscopy in this, and other studies could be considered a weakness. 

Changes in brain neurochemistry after 12-weeks of LOLA therapy were observed. The changes in Glu 

and Glx support a central action of LOLA via amidation of Glu, while trends towards changes in 

myoinositol suggest restitution of osmolytes through an osmoregulatory effect.  

Some limitations of the study include not comparing data of these individuals with healthy controls. 

Another limitation is difficulty obtaining homogenous voxel positions given prominent cortical atrophy 

in this study population. Further work could consider reducing voxel size; this may be particularly 

relevant in smaller structures such as the basal ganglia, given other studies (Taylor-Robinson et al., 

1994) have been able to show significant spectroscopic change. 

Despite HE being a condition of neuro-oedema, water was used as an internal standard in this study. 

However, this is the most standardised approach. Christiansen et al. (Christiansen et al., 1993). states 

water is an acceptable internal standard as standard total brain water concentration is known, and 

water variation is relatively small between health and illness. Also, the water signal can be accurately 

measured. Another advantage over other methods is, even if it is considered that water-variation with 

disease or age is too great; the signal detection of both the internal water and the metabolite signal 

are achieved under identical experimental conditions with the same radiofrequency, transmit time 

and reception sensitivity. The resultant concentration is calculated by a ratio of the two signals and is 

almost independent of these quantities. Robustness and speed of acquisition are reasons to choose 

this standardisation method (Zoelch et al., 2017). 

Only metabolites with Cramer-Rao bounds <20% were considered, these bounds have been used as 

to express the uncertainties in quantitative MR spectroscopy in this and other studies. This could be 
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considered a weakness. Kreis and colleagues (Kreis, 2016) suggest this introduces a bias in the 

estimated mean concentrations of the cohort data. Approaches to avoid this problem in future work 

could include; not excluding any data before performing initial analysis and then by applying Cramer 

Rao bounds and comparing between conditions such as described by Naaijen and colleagues (Naaijen 

et al., 2017). Another approach (Kanaan et al., 2016) would be to include the Cramer-Rao Bounds as 

a criterion in one of a range of criteria to be applied. 

HE is a fluctuant condition, and on a given day, a subject may be more or less irritable, and restless, 

which made it challenging to obtain spectra on occasion. Furthermore, the spectroscopy was always 

performed at the end of the day. The MR scan protocol itself was more than two hours. This meant 

subjects were often fatigued by the time of scanning, which may have affected the data quality. A 

shorter study protocol where just the imaging was performed with cognitive testing would improve 

recruitment and reduce the effects of tiredness and fatigue on the study subjects.  

The elevated Glx/Cr is likely to correspond to a rise in brain Gln, which is the by-product of ammonia 

metabolism in the brain. Glx/Cr represents both the concentration of Glu and Gln. This is the opposite 

of the expected findings. Several previous MRS studies show Glx to rise with increasing severity of HE 

(Kircheis et al., 2002) (Laubenberger et al., 1997) (Geissler et al., 1997). HE treatments even simple 

ones such as lactulose have shown Glx levels to fall, with clinical improvement (Haseler et al., 1998). 

A study of TIPPS shunting, a known precipitant of HE has also shown a demonstrable rise in Glx a week 

post-surgery in a study performing MRS1 week prior and 1 week after TIPPS (Hamuro et al., 2000). 

While not significantly different, the mean age of subjects in the LOLA arm was higher than in the 

placebo arm. However, no significant biochemical changes were observed even when age was added 

as a covariate factor in my analysis. Alternatively, perhaps some effect of Proton pump inhibitors (PPI) 

was responsible, as nearly all LOLA participants were on these compared with very few placebo 

subjects. 

One explanation of biologic plausibility is that glutamate, and increasing gln-glu reflects increased cell 

turnover that is driven by LOLA. LOLA is known to drive Krebs cycling and represents a mechanism to 

mop up excess ammonia (Kircheis et al., 2002). One way to explore further whether increases in Glu 

and Gln-Glu are driven by LOLA-induced increased cell-turnover in future might be to perform 13C 

radio-isotope-labelled studies. 
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11.5 Secondary Endpoint data: Muscle structure and function 

Regarding muscle anabolism, MACC has been correlated with survival in other studies both in other 

chronic conditions including chronic lung (Ho et al., 2016) and chronic renal disease (Noori et al., 2010) 

and also in liver disease (Alberino et al., 2001) . MAC has also been identified as an accurate predictor 

of mortality in the hospitalised elderly (Tsai et al., 2012).  

While MACC and triceps skinfold thickness did not change after LOLA treatment, bicipital skinfold 

thickness did show significant improvement not only on an independent t-test of the difference 

between visits. This has not been shown before with this drug or any other anti-HE treatment to my 

knowledge. A significant improvement or gain in Biceps with LOLA treatment was noted with a mean 

gain of 1.55 mm compared with placebo mean loss of 1.00 mm. Skinfold measures reflect fat. Only 

upper limb skin folds BCP and TCP were chosen for study as other researchers have shown in chronic 

liver disease the other suprailiac, and infrascapular reading are less interpretable due to effects of 

renal impairment oedema and ascites in this population. The reason for the change could be purely 

nutritional, cirrhosis is a catabolic state, and this individual didi revive 18g of additional amino acids 

per day. It is unclear why MACC and TCPs were not also increased.  

No gain in power of the upper limb or lower limb was noted. However, Upper arm strength measures 

were confounded by some of the participants insisting on longer fingernails despite instructions to 

trim prior for the standardisation of grips strength measurements (Roberts et al., 2011). The data 

quality could have been improved if more than one reading of MAMC and if three readings of skinfold 

sites were taken.  

However, the extent of change in lower limb power was confounded somewhat by one LOLA arm 

subject being morbidly obese and mobile on two sticks (aetiology of liver disease: HCV) and one 

placebo subject having severe psoriatic arthropathy mobilising on two sticks (aetiology of liver disease: 

non-alcoholic fatty liver cirrhosis). A third subject, also placebo arm, acquired a lower limb injury 

midway through the study, missing the second visit and the third one was performed in a space boot. 

It may be considered a weakness in study design that mobility difficulties were not considered an 

explicit inclusion criterion.  

The effects of LOLA on biceps skinfold thickness may be nutritional as cirrhosis is a catabolic state, and 

those in the LOLA intervention arm did receive an extra 15g of amino acids per day (of a total 18g 

preparation per day). It is unclear why these benefits also did not translate into MAMC or triceps mass 

gain. 
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Studies, including measures of anthropometry, have been complicated by the variation in 

measurements, with variation between different operators being the biggest factor (Klipstein-

Grobusch et al., 1997) but inexperience is also identified as a source of error (Burkinshaw et al., 1973). 

Skinfold measures of the upper limb were studied at the bedside using anthropometric measures 

using skinfold callipers of the biceps, triceps. MAMC was also measured. Gender was not accounted 

for, but both study groups though unequal sizes, contained the same proportion of males and females, 

and the gender ratio was non-significantly different at baseline, with a male preponderance as is 

usually seen in chronic liver disease. Additionally, the subjects each acted as their control and 

measures were of improvement or change.  

Two measurements of skinfold, not four, were utilised. This was a deliberate choice as non-upper limb 

measures may be unreliable in the context of cirrhosis, especially where the dry weight of the subject 

is not accurately known. The most evidence for skinfold measures in chronic liver disease is from 

MAMC and handgrip strength measures, biceps and triceps skinfolds have also been shown with 

success (Alberino et al., 2001). However, handgrip has been shown to be an independent predictor of 

survival in these populations (Álvares-da-Silva and Reverbel da Silveira, 2005).  

Bicipital and tricipital skinfold thicknesses per visit were taken by the same operator, myself, to reduce 

variability. However, the techniques may be prone to larger variations, than anticipated due to the 

method of picking up skinfold, calliper positioning and time of measurement in relation to lifting the 

fold (Ayling, 2014). A significant difference was found only on biceps fold thickness, which seemed to 

increase significantly with LOLA therapy. The dual measurements of biceps and triceps did show good 

repeatability when Bland Altman plots were performed. The changes in triceps thickness did not 

mirror the changes seen in biceps thickness. The gain in biceps skinfold thickness with LOLA is likely to 

be due to a purely nutritional effect and as such reflects an increase in fat rather than muscle bulk per 

se. Another factor is that even the most extensively power skinfold studies (Kim et al., 2006) have a 

limited amount of data on how to interpret skin fold measures in different ethnicities, although my 

study population is highly educated, 80% do not have English as their L1 and are not of white Caucasian 

ethnicity. The biceps and suprailiac folds in women and supraliac fold in males are the greatest sites 

of variability in a large series of skinfold measurements (Womersley and Durnin, 1973). Triceps 

skinfold measures have also been identified as a source of large variation in measurements, especially 

if the site is not marked prior to measurement, this is due to failure to accurately identify the mid-

point (Burkinshaw et al., 1973) (Ruiz et al., 1971). It is beyond the remit of the current study to consider 

gender differences when interpreting the biceps measurements.  
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Changes in MAMC might have been expected as this is a known marker of nutritional status. However, 

this effect may have been lost due to the validity of a single set of measurements per time-point being 

taken, which did not allow for standard deviations or errors to be calculated. The effects of LOLA on 

biceps mass may be nutritional as cirrhosis is a catabolic state, and those in the LOLA intervention arm 

did receive an extra 15g of amino acids per day (of a total 18g preparation per day). It is unclear why 

these benefits also did not translate into MAMC or triceps skinfold thickness gain. However, other 

anthropometric studies in those with liver cirrhosis (Yovita et al., 2004) have also failed to find a 

correlation with BCP skinfold and MAMC measurements.  

There was no statistical change in power as measured by a hydraulic hand grip meter between LOLA 

and placebo on repeated measures ANOVA or t- testing of the difference over 12 weeks. Other studies 

have found hand-grip strength a predictor of survival in cirrhosis. While I adhered strictly to the 

standardised SOP, some patients had long fingernails despite instructions to clip them short in 

advance, which may have affected some measurements (Roberts et al., 2011), but it applied to the 

same individuals on all three visits. A significant difference in repeated measures ANOVA of lower limb 

power was seen, but this was the effect of time, not the effect of LOLA, as over time both LOLA and 

placebo groups improved which may reflect a number of confounders, including practice effects, 

improved awareness of importance of diet and fitness during the routine course of the study 

participation. It was measured by using a six-minute walk test, but this was confounded by psoriatic 

arthropathy, morbid obesity, and previous mal-aligned lower limb injury in at least three cases. I 

should add that some subjects also had lower limb oedema, some ascites and some baseline muscle 

atrophy common in cirrhosis so this confounded their ability to walk up and down a 25-meter marked 

length of the corridor for a maximum number of times until six minutes elapsed. 

Lateral vastus biopsies can be uncomfortable. Many patients were quite anxious regarding the biopsy, 

which sometimes affected the yield. Also, those subjects in pain at the time of later fMRI scanning 

may have significantly impacted their performance. Analgesia was offered routinely in the day unit 

post-procedure around 0900-0930 am. At 1330 patients were transported via taxi to the MRI facility 

for the two-hour scan protocol, while I remained their medical escort until the close of the day at 

about 1600-1700; no analgesics could be prescribed or administered after leaving St. Mary’s liver day 

unit. 

For the performance of UPLC MS, the muscle samples were concentrated into pellets, an aqueous and 

a non-aqueous pellet for each subject per visit. The original protocol I adapted was used for vein tissue 

preparation for LC-MS analysis (Anwar et al., 2015) given that vascular tissue contains musculature. 

The authors tested several solvents and selected the optimal combination of them to extract both 
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lipids (using MTBE/methanol (v:v, 3:1)) and small polar metabolites (using methanol/water (v:v, 1:1)), 

to be analysed by complementary analytical techniques. The use of chloroform/methanol for lipid 

extraction has been considered the gold standard since the late fifties (Folch et al., 1957) (Bligh and 

Dyer, 1959). However chloroform is a known health and environmental hazard, so the use of MTBE is 

preferable, and has been widely used in literature too (Matyash et al., 2008) (Sostare et al., 2018). I 

performed the same extraction as a recently published muscle study (Puthucheary et al., 2018). The 

muscle extraction procedure to obtain the dried muscle extracts was necessarily a very lengthy 

procedure. Samples could only be prepped in batches of 25 including blanks tubes of solvent plus 

zirconium beads used for tissue homogenisation. So samples were defrosted and prepared over four 

days. During the creation of pellets, the raw muscle samples were only defrosted once, to homogenise 

before extraction. Care was taken to treat all samples equally in terms of freeze-thaw cycles. 

All sample preparation was performed over five days entirely by myself to minimise any variation. At 

the end of this time completed pellets were stored at -80°C and only thawed again first defrost of 

pellets at the time of reconstitution before the UPLC-MS experiments.  

Of the four experiments conducted, HILIC and lipidomic positive and negative ion modes, no group 

differences were found. 

The only significant trend found in the experiment was based on the sample weight differences, 

despite normalising the data based on sample weight. All major and minor outliers were outlying due 

to weight. When attempts were made to remove these outliers, then these were replaced by other 

outliers again only outlying due to sample weight.  

Unfortunately, while attempts were made to collect samples of a uniform size, given samples are 

obtained on an awake subject using local anaesthesia only and have to be flash-frozen within 15 

seconds from removal, the process did produce some undesirable variations in sample weight which 

were only apparent after samples had been prepared. Sample weight was affected by whether the 

subject was anxious, whether it was their first or third biopsy (generally subjects were more relaxed 

after visit one procedure) if they had visible sarcopenia more likely to have a lower yield of more 

inferior quality muscle(fatty) or gristle obtained. Whether they had any limb oedema, samples looked 

large naked eye but were waterlogged. Despite having corrected or normalised the data using the 

muscle sample weight before doing any multivariate analysis, the weight was the primary source of 

variation observed in all the metabolic profiling datasets generated. Perhaps lateral vastii sample 

masses were too small to detect significant metabolic differences using UPLC-MS between LOLA and 

placebo-treated individuals even if it were to exist. 



414 

The method of normalisation by weight selected did take the individual sample weights into account; 

but not their water content. In each case, the outliers were outlying due to reasons of weight. As 

explained above, this may be due to my inability to correct for waterlogging of samples due to tissue 

oedema at the time of obtaining a biopsy. Alternatively, perhaps a second concentration step usually 

reserved for samples such as urine sample may be considered for further work. It is not possible to 

say whether any group differences exist between LOLA arm and placebo for this reason.  

I did not foresee the water content of the wet sample being a significant variable; therefore, the 

sample weight only was measured. The dried extracted pellet was not measured, so it is not possible 

to calculate the protein content of the samples. Owing to very concentrated nature of pellets I was 

keen to freeze them as soon as extracted. 

Ultimately no metabolic differences were noted within the lateral vastii muscle in either small 

molecules or lipid species when placebo was compared to LOLA in any of the OPLS-DA models 

examined. The largest source of variance in the data was related to the weight of the muscle sample 

used to do the metabolite extraction. In all of the PCA models, the same two outliers were observed: 

the two samples with the lowest weight that belong to different groups and visits. Please note these 

were not the same as outliers in the MRI studies that could be predicted on the basing of abnormal 

T1 images.  

Perhaps a further normalisation step after the initial normalisation for weight similar to of urine 

sample which is normalisation by concentration as is performed in urine sampling may be more fruitful 

for future work.  

The difficulties of application of standard measures of anthropometry and body fat composition such 

as BMI, weight and skinfold thickness (particularly in skin folds in the lower body) have not been 

adequately validated in individuals with cirrhosis. These subjects are frequently in a catabolic state, 

often malnourished. In some cases, obesity itself is the driver for their decompensated liver disease. 

In many cases, the effects of loss of weight or muscle mass are masked by a gain in extracellular fluid, 

in the form of pedal oedema or ascites, which further confound measurements, particularly the ones 

where the tape measure may compress the body part being measured.  

11.6 Limitations of the Study. Insights into Future Improvements 

I have been privileged to study a unique and self-selected population of individuals suffering from an 

often “hidden” clinical problem. 
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Specific study difficulties encountered were subjects having to endure an unusually long protocol of nine 

hours for which we were unable to offer a financial incentive. A shorter protocol is perhaps splitting the 

existing to protocol into three separate sub-studies maybe a more practical way forward to minimise the 

effects of fatigue both on cognitive testing but also on Brain imaging components of study. 

I have also had to rely on the fact that if the subject had had no local hospital admissions for OHE, 

then they did not have OHE previously.  

In a study of this size, it is impossible to correct for inequalities in the split of pathologies between 

groups. PPI use was not known to be an independent predictor of the risk of developing MHE (Nardelli 

et al., 2019) at the time of setting up this study and if PPI use cannot be eliminated entirely perhaps 

some measures could be taken to have an equal number in both arms 

Each study visit required obtaining muscle biopsies, which was invasive and could be painful. One 

subject was warfarinised mid-study due to a portal vein thrombosis and could not undergo further 

biopsies. 

The study recruited those who may have “memory problems” and undertook measurements of 

compliance. It was not possible to measure compliance other than by measuring the return of used 

and unused packets. Unfortunately, there was no biological marker to measure compliance with LOLA 

therapy. However, even if such a biomarker were to exist, it would mean the study would no longer 

be triple-blinded so would have reduced the quality of data obtained. In any case, these measures 

cannot be undertaken in the Placebo arm. Pill counting is a standard method, but pill dumping and pill 

hoarding, as well as forgetfulness, may detract from the accuracy of this method (Vander Stichele, 

1991). 

This study had two dropouts prior to start in the LOLA arm. Also, two LOLA arm subjects were removed 

from the trial due to active drinking relapse/recidivism. Many other suitable subjects could not be 

recruited due to claustrophobia and previous metalwork in body precluding MRI study. Type two error 

arising from pharmacological non-compliance may be addressed by increasing the power of the study 

in future studies. 

Only a single subject of 34 missed a study visit (four-week visit) due to orthopaedic issues. Middle visit 

at four weeks was crucial for drug compliance reasons although otherwise a problematic time point 

to incorporate for data analysis. 
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All-cause cirrhosis means the inclusion of subjects with possible cortical atrophy for alcoholics and 

possible small vessel disease secondary to embolic phenomena for ex-intravenous drug users. 

Inclusion was based on PHES testing alone and absence of apparent neurological dysfunction. Groups 

were too small for subgroup analysis but had even distribution between groups. Both a more extensive 

study size and a screening T1, MRI head scan, to exclude those with significant atrophy may be 

considered for future work prior to recruitment.  

Some supply and demand difficulties relating to the business of running a prospective, double-blind 

study included the original batch of randomised IMP was due to expire within six months of starting 

recruitment, by which time only the first nine patients were followed through the 12 weeks and three 

study visits. This was due to a nine-month delay in obtaining local approval after successfully obtaining 

REC and MHRA permissions. 

After new randomised IMP had been supplied, there was a flood in the research pharmacy within 

Imperial where the IMP was stored. Further IMP was requested. Although the study was powered at 

34 and recruitment targets were met, two exclusions for recidivism and requesting further 

randomised IMP from manufacturers meant far more in the placebo group at the end of the study 

than treatment. Nevertheless, it was a truly and correctly blinded study: neither investigators or 

pharmacy nor subjects or those offering statistical advice knew the direction of the blind. 

A more extensive study with a longer follow up period would be advisable in the future, this could 

allow further subanalysis by aetiology, i.e. HCV vs alcohol, which may be particularly relevant with DTI 

and fMRI data. 

The spectroscopy experiments should be repeated with a larger cohort. It would be useful to either 

limit the participation of those on PPI or find a way to ensure more equal numbers enter the 

randomisation process. Using Cramer-Rao bounds <20% to express the uncertainties in quantitative 

MR spectroscopy in this and other studies could be considered a weakness. Kreis and colleagues (Kreis, 

2016) suggest this introduces a bias in the estimated mean concentrations of the cohort data. 

Approaches to avoid this problem in future work could include; not excluding any data before 

performing initial analysis and then by applying Cramer Rao bounds and comparing between 

conditions such as described by Naaijen and colleagues (Naaijen et al., 2017). Another approach 

(Kanaan et al., 2016) would be to include the Cramer-Rao Bounds as a criterion in one of a range of 

criteria to be applied. 
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The LC-MS of the lateral vastus yielded negative results, but this may be because of the small size of 

the samples acquired. The extracted dry pellet weight, as well as the wet weight of the sample, should 

be recorded to make future normalisations steps possible. 

If the new study had a third arm of nutritional support alongside LOLA and placebo, providing an 

equivalent dose of dietary protein, it may help to examine whether muscle changes seen in this study 

could occur with unselective protein replacement, i.e. if the effects of LOLA seen here dietary were 

alone or whether LOLA offers some additional benefits in addition to this. 

Given the difficulties cited above, as more data from pure MHE trials becomes available, this will, in 

turn, generate more specific systematic and meta-analyses to MHE. This will inform our practice with 

regards to MHE and the place of oral LOLA. Current systematic reviews and have been hampered by 

a lack of placebo-controlled double-blind trials. There is also the problem of massive amounts of 

unpublished trial data. Unique difficulties for LOLA and MHE studies include the wide heterogeneity 

of HE patients, which lead to small(er) systematic reviews of only 3-5 trials, from MHE to OHE to ITU 

setting for acute liver failure patients. Moreover, different route of administration iv and oral 

sometimes being included in the same meta-analysis.  

LOLA did not improve HE grade, psychometry or ammonia levels indicating mechanisms of action 

beyond the ammonia-brain axis. However, brain volumetry and fractional anisotropy were variably 

affected in that specific brain areas appeared to be modulated by LOLA in terms of volumetry giving 

novel insight into brain restructuring with this agent.  

fMRI suggested that there is likely to be an effect of LOLA on the default mode network in terms of 

visual activation, but this was lost when correcting for multiple comparisons. These changes are 

suggestive that 12 weeks of LOLA is sufficient duration to exert effects on cerebral function and 

microstructure, but more extended studies are needed to provide further more convincing evidence 

of an effect.  

Of note, biceps skinfold thickness was increased following 12 weeks of LOLA, but I was not able to 

demonstrate metabolic differences in muscle samples and this requires further exploration.  
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Appendix 5 GP information letter 
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Appendix 6 LOLA Study Source document 

Randomisation no Cog ID  date of visit  Visit No 1 2 3 

DEMOGRAPHICS 

Patient initials   Sex M/F   DoB 

First language   Age left full time education  Occupation 

Age   If relevant LMP start  Cycle length 

 

Alcohol (units/day    If Smoker Ciggarette/day ex-smoker     
  

Recreational drugs Betel nut Khat 

Pre-visit PHES 

DST___ NCTA___ NCTB___ SDD____ LTT t_____ LTTe___ Total_____ 

This visit PHES 

DST___ NCTA___ NCTB___ SDD____ LTT t_____ LTTe___ Total_____ 

Anthropometrics 

Weight________(kg) Height________(m)__________ BMI 

Handedness L R (all UL measures on non-dominant arm) 

Arm length____@ length MAMCC____@length 

Biceps SF___ ____ ____ Tricep SF___  ___ ___ Subscapular SF ___ ___  ____ 

Grip strength _____ ____ _____ 

Six Minute Walk test _____ x20m 

Waist____ Hip____ Waist:Hip____ 

Ascites: none/mild/moderate/severe 

Pedal oedema: absent/present 

Leg Biopsy Right or Left If left why___________________ 

MRI leg length from ASIS  visit1   visit2   visit3 

Activity Reported exercise on last 24 hours: □ none □ mild □ moderate  □ hard  
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MEDICAL 

Cirrhosis yes no  Alcohol /NALFD  /HBV /HCV /Healthy Control /Other 

Diagnostic certainity 

□ Histologically proven, fully investigated □ diagnosis likely investigations pending 

Varices □ yes □ no last OGD date______________ 

OTHER MEDICAL PROBLEMS 

All active diagnosis (especially malignant inflammotry or infective processes) 

□ Diabetes □ recent GIB within last month  □ systemic sepsis 

□ Cerebrovascular disease □ Other: IHD COPD 

Psychiatric history: □ depression □ anxiety □ claustrophobia 

DRUG HISTORY 

Please list all medications (including herbal remedies and paractemol/acetoamphen 

Painkiller Codydramol post procedure Yes No  

Given pre or post urine and blood collection Yes No 

Leg Biopsy before Cognive testing Yes or No 

DIETARY HISTORY 

Time last ate NAYTHING ___:____ 

Details of food and drink consumed last 6 hours 

List all other food and drink consumed in last 24 hours 

Checklist of specific food and drink items taken in last 72 hours 

□ Omnivore  □ pescatarian  □ vegetarian □ vegan   

Food Details or comments Food Details or comments 

Meat  Red/white Grapefruit  

Fish Type Berries  

Fizzy drinks  Liquorice  

Tea Normal/herbal  Walnuts  

Milk  Vanilla  
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Cherries  Coffee  

Yoghurt  Bread  

Nutrition drink  Rice  

Cheese    

  

SAMPLE 

□1x EDTA 

□1x plain serum 

□2x lithium heparin 

□1x SST plasma 

□1x blue 

 

□ Urine 2mls cryovial x 5 

□ Muscle frozen x 5 samples 

□2’F’ samples 

 □1 fat sample 

□2 regular (not F) samples 

□Histo muscle 15ml cryopot 

□Venous ammonia sent on ice 

 Samples placed on ice Yes No 

Light excluded? Yes No 

Samples processed by: 

Samples stored in which freezer? 

Blood samples taken at : ____:____ 

Plain serum centrifuged at : ____:_____ 

All sections completed especially time last ate, time of blood sample, time of centrifuge (4500@4 
degrees) 
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OTHER INVESTIGATIONS 

Leg Biopsy: Right or Left 

PROTOCOL DEVIATIONS 

 

Recent Bloods on ______________________ 

ALT  ALP   Alb INR  PT  Ur  Cr  Bil Nh4  Hb  Platelets 

Sumamry of most recent MRI performed____________________________________ 

Date od scan_____________ 

IQ WTAR 

/50 errors ____________seconds 

D-KEF 

1) Colour Naming   time_____ Complete by 90s______ SCe_______or discontinued 
2) Word Reading  time______Complete by 90s______SCe_______or discontinued 
3) Inhibtion  time______Complete by 90s______SCe_______or discontinued 
4) Inhibition/Switching time ______Complete by 90s______SCe_______or discontinued 
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Appendix 7 Lifetime alcohol consumption questionnaire and 
recording sheets (rescanned) 
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Appendix 8 Standardised PHES instructions 
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Appendix 9 PHES test Summary page 
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Appendix 10 PHES Test Version 1 
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Appendix 11 PHES 1 DST Normative data 
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Appendix 12 PHES 2 NCTA Normative data 
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Appendix 13 PHES 3 NCTB Normative data 
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Appendix 14 PHES 4 SDT Normative data 
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Appendix 15 PHES 5 LTT error Normative data 
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Appendix 16 PHES 5 LTT time Normative data 
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Appendix 17 Line Tracing Scoring Overlay 

 

This is an example of the LTT scoring tool, which was is printed on a transparent overlay to standardise 

scoring errors of LTT. 
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Appendix 18 Task Descriptions: CogState 

On-screen instructions are presented before each task. The test supervisor reads from the script 

while the instructions are being displayed on the screen and presses the Enter button when ready 

to start the task.  
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International Shopping List Task  
 

The phrase “SHOPPING LIST LEARNING” is displayed on screen. The pre-task on-screen instructions 

tell the test supervisor to start this task with the screen facing the supervisor so that the subject cannot 

see the screen.  

 

 

 

Trial 1 

The subject is told by the test supervisor: “In this task, I am going to read you a shopping list. I would 

like you to remember as many items from this list as possible. Are you ready to start?”  

 

To begin, the test supervisor presses the “ENTER” key. The test supervisor reads the list of words as 

they appear on the computer screen at a rate of one word every two seconds.  
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When the test supervisor has read all the words they ask: “Tell me as many of the items on the 

shopping list as you can remember?” 

 

As the subject recalls each word, the test supervisor clicks / touches the appropriate button on the 

screen with the stylus or mouse.  

 

If the subject says a word that was not on the list, the test supervisor will click “Other Word”. If the 

subject repeats a word, the test supervisor will click the corresponding button as many times as the 

word is said. If a button is clicked by mistake, the test supervisor can select “Undo Last” and then 

continue recording. 

 

 

Trial 2 (and subsequent trials) 

When the subject cannot recall any more items then the test supervisor instructs, “I am going to read 

you the same shopping list. Try and remember as many items as you can. Are you ready to start? 
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The entire word list is read again, in the same order as it was read previously. To begin, the test 

supervisor presses the “ENTER” key and reads the list of words as they appear on the computer screen 

at a rate of one word every two seconds. When the test supervisor has read all words they ask “Tell 

me as many of the items on the shopping list as you can remember even if you have said them 

earlier”. 

 

Again, the test supervisor notes the items recalled by the subject by clicking/touching the 

corresponding button on-screen with the stylus or mouse.  

 

In the standard version of this test, 3 learning trials are presented following this format.  

 

The difficulty level of this task can be adjusted by presenting less or more words. The list of words can 

be anywhere from 2 to 16.  
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International Shopping List Task - Delayed recall 

 

In this task the individual is not shown anything. They are asked,  

 

“Now we are going to go back to the shopping list I read to you earlier. I 
need you to try and remember the items on this list and tell me what they 
were. Are you ready to start?” 

 

 

 

The test supervisor presses the “ENTER” key to begin and instructs the subject “Tell me as many of 

the items on the shopping list as you can remember.” They then note all of the items recalled by the 

subject by clicking/touching the corresponding button on-screen with the stylus or mouse. 
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International Shopping List Task – Interference trial 

In this task, the test supervisor will read out a different list of words.  

 

 

 

The subject is told by the test supervisor: “In this task, I am going to read you a different shopping 

list. I would like you to remember as many items from this list as possible. Are you ready to start?”  

 

To begin, the test supervisor presses the “ENTER” key. The test supervisor reads the list of words as 

they appear on the computer screen at a rate of one word every two seconds.  

 

When the test supervisor has read all the words they ask: “Tell me as many of the items on the 

shopping list as you can remember?” 

 

As the subject recalls each word, the test supervisor clicks / touches the appropriate button on the 

screen with the stylus or mouse.  
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If the subject says a word that was not on the list, the test supervisor will click “Other Word”. If the 

subject repeats a word, the test supervisor will click the corresponding button as many times as the 

word is said. If a button is clicked by mistake, the test supervisor can select “Undo Last” and then 

continue recording. 
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International Shopping List Task – Recognition trial 

 

The subject is told by the test supervisor “Now I am going to read a list of shopping items to you. 

Some of these items were on the shopping list that I read to you earlier, and some were not on the 

list. Say “YES” if you think the item was on the list. Says “NO” if you think the item was not on the 

list. If you are unsure, please do your best to guess. Are you ready to start?” 

 

 

 

The test supervisor will then read out the words one by one. As the subject responds, the test 

supervisor clicks/touches the appropriate button on the screen with the stylus or mouse. 



502 
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Chase Test  

 

The aim of this task is to introduce the subject to the rules of the Groton Maze tasks. 

The pre-task on-screen instructions state: “CHASE THE TARGET”. The test supervisor will read the full 

task instructions to the subject.  

 

 

 

 

To begin the task, the test supervisor or subject must press the “Enter” key. The subject will first 

complete a practice test.  

 

 

The subject is shown a 10 x 10 grid of tiles on a computer touch screen.  
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The subject is asked to tap the blue tile in the top left corner of the grid with the stylus pen. As the 

target moves, the subject ‘chases’ it by tapping on the tiles one at a time. The subject cannot move 

diagonally and cannot skip a tile. If the subject makes a mistake, they must go back to the last correct 

tile.  

 

The subject should be encouraged to move as quickly and accurately as possible. Once the test 

supervisor judges that the subject understands the rules, the subject is instructed to click on the 

“Finish” button in the upper left corner of the screen. 

 

The subject is then asked to repeat the same task for a timed period of 30 seconds. The same rules 

apply as in the practice. The subject chases the target until the task stops. 
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Groton Maze Learning Test (GMLT) Demo 

The subject is shown a 6 x 6 grid of tiles on a computer screen. A 13-step pathway is hidden among 

these. The start is indicated by the blue tile at the top left, and the finish location is the tile with the 

red circles at the bottom right of the grid. The subject is instructed to move one step from the start 

location and then to continue, one tile at a time, toward the end (bottom right). The test supervisor 

will read the full task instructions to the subject: 

 

 

The subject moves by touching a tile next to their current location with the stylus or mouse. After each 

move is made, the computer indicates whether this is correct by revealing a green checkmark (i.e. this 

is the next step in the pathway), or incorrect by revealing a red cross (i.e. this is not the next step in 

the pathway, or the subject has broken a rule, see below). If a choice is incorrect (i.e. a red cross is 

revealed), the subject must touch the last correct location (i.e. the last green checkmark revealed) and 

then make a different tile choice to advance toward the end. 
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The demo grid is then repeated one or two additional times. The test supervisor will read the task 

instructions to the task prior to each attempt: 
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Groton Maze Learning Test (GMLT)  

 

The subject is shown a 10 x 10 grid of tiles on a computer touch screen. A 28-step pathway is hidden 

among these 100 possible locations. The start is indicated by the blue tile at the top left, and the finish 

location is the tile with the red circles at the bottom right of the grid. The subject is instructed to move 

one step from the start location and then to continue, one tile at a time, toward the end (bottom 

right). The test supervisor will read the full task instructions to the subject: 

 

 

 

The subject moves by touching a tile next to their current location with the stylus. After each move is 

made, the computer indicates whether this is correct by revealing a green checkmark (i.e. this is the 

next step in the pathway), or incorrect by revealing a red cross (i.e. this is not the next step in the 
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pathway, or the subject has broken a rule, see below). If a choice is incorrect (i.e. a red cross is 

revealed), the subject must touch the last correct location (i.e. the last green checkmark revealed) and 

then make a different tile choice to advance toward the end. 

 

  

 

While moving through the hidden maze, the subject is required to adhere to two rules. Firstly, the 

subject cannot move diagonally or touch the same tile twice in succession. Secondly, the subject 

cannot move backwards along the pathway (e.g. move back to a location that displayed a green tick, 

but from which they have since moved on from).  

 

If the subject chooses a tile that is not part of the hidden pathway, but the tile choice is within the 

rules, this is recorded as a different type of error (e.g. not a rule break). This could be due to chance 

(the first time through the maze) or due to misremembering the path on subsequent attempts.  
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The subject learns the 28-step pathway through the maze on the basis of this trial and error feedback. 

Once completed, they are returned to the start location and repeat the task, usually 4 more times, 

trying to remember the pathway they have just completed.  

 

There are 20 well-matched alternate forms for this task, and these are selected in pseudo-random 

order to ensure that no subject will complete the same hidden path on any two different testing 

sessions throughout a study.  

 

The difficulty level of this task can be adjusted by presenting smaller grids on screen (e.g., 8 x 8 or 6 x 

6).  
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Groton Maze Learning Test - Delayed recall 

The 10 x 10 grid of tiles is shown again on the computer screen. The subject is asked to reproduce the 

pathway that they learned at the start of the CogState battery. They should start at the top left tile 

and try to remember the path to the end of the maze at the bottom right. The subject completes this 

delayed recall trial once. 
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Groton Maze Learning Test – Reverse Delayed Recall (GMRDR) 

The 10 x 10 grid of tiles is shown again on the computer screen. The subject is asked to reproduce the 

pathway that they learned at the start of the CogState battery but in reverse. They should start at the 

end of the maze at the bottom right and try to remember the path to the beginning of the maze at 

the top left. The subject completes this reverse delayed recall trial once. 
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Fixed Response Mapping Task 

This task is presented just before the first card task. 

The pre-task on-screen instructions displays: “Practice pressing YES and NO.” 

 

Depending on the test battery, the choices may include the “D” or “K” buttons on the keyboard, the 

“left” or “right” mouse buttons, or external response buttons.  

 

Once the subject presses the “D” button, the “left” mouse button or the left external response button, 

the word “NO” on the screen will flash indicating the key pressed corresponds to a “NO” response. 

When the subject presses the “K” button, the “right’ mouse button or the right external response 

button, the word “YES” on the screen will flash, indicating the key pressed corresponds to a “YES” 

response. The subject is allowed to practice until they are confident before moving on to the card task 

by pressing the “ENTER”.  

 

Figure showing keyboard and external response buttons 
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Figure showing keyboard and mouse buttons 
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Detection Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “HAS THE CARD TURNED OVER?” The test supervisor 

will read full instructions to the subject from the test supervisor script.  

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key.  

 

A playing card is presented in the center of the screen. The card will flip over so it is face up. As soon 

as it does, the subject must press the “Yes” key.  
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The card will go to the back of the pack, and the subject must press the “Yes” key as soon as the next 

card flips over and so on. The subject will practice this until they reach the required number of 

responses, or until the practice period expires.  

 

Then, on-screen instructions for the real test are presented.  

 

The test supervisor or subject must press the “Enter” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press the “Yes” key before a card flips over. If the subject does this or 

does not respond to a card that has flipped over in time, they will hear an error sound. 
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Identification Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IS THE CARD RED?” The test supervisor will read full 

instructions to the subject from the test supervisor script.  

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key. A playing card is 

presented in the center of the screen.  

 

The card will flip over so it is face up. As soon as it does this, the subject must decide whether the card 

is red or not.  
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If it is red, they should press “Yes”, if it is not red they should press “No”. The subject will practice this 

until they reach the required number of responses, or until the practice period expires.  

 

Following this, the on-screen instructions for the real test are presented.  

 

The test supervisor or subject must press the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, the subject should try not to press either the “Yes” or “No” key before a card flips over. If 

they make a mistake, they will hear an error sound. 
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One Card Learning Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “HAVE YOU SEEN THIS CARD BEFORE IN THIS TASK?” 

The test supervisor will read full instructions to the subject from the test supervisor script.  

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key. A playing card is 

presented in the center of the screen. The card will flip over so it is face up. As soon as it does, the 

subject must decide whether or not the same card has been seen before in this task. Therefore the 

first answer is always “No”.  
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Each time a card is revealed, the subject must decide whether they have been shown that card before 

in this task and respond by pressing the “Yes” or “No” key. If an incorrect response is given (e.g. “No” 

is pressed when a card has been presented before) an error noise is heard.  

 

Once the practice is complete (required number of responses or time-out reached), the on-screen 

instructions and the test supervisor will tell the subject that the real test will now begin.  

 

 

The test supervisor or subject must press the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press either the “Yes” or the “No” key before a card turns over, and 

they should try and remember all the cards that are presented in this task. If they make a mistake, 

they will hear an error sound.  
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Social-Emotional Cognition task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask, “TAP THE ODD ONE OUT”. The test supervisor will read 

the task instructions from the script. 

 

 

 

In this task, the subject will see a number of pictures on the screen. One of these pictures will be 

different to the others in some way. The subject must decide which one of the pictures is different 

then tap that picture as quickly as they can.  
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The subject should be encouraged to work as quickly and as accurately as they can after each set of 

pictures appears. The subject will practice until they reach the required number of responses, or until 

the practice period expires.  

 

Then, on-screen instructions for the real test are presented.  
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The test supervisor or subject must press the “ENTER” key to begin the real test. 
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One Back Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IS THE PREVIOUS CARD THE SAME?” The test 

supervisor will read the task instructions from the script. To begin the task, the test supervisor or 

subject must press the “ENTER” key.  

 

 

 

A playing card is presented face-up in the center of the screen. The subject must decide as each card 

is presented whether it is identical to the one just before. Therefore the first answer is always “No”. 
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If the face up card is identical to the one presented immediately before it, the subject should press 

the “Yes” key, if it is not the same they should press the “No” key. The card in the center will go to the 

back of the pack revealing the next card. As soon as it does, the subject must decide whether or not it 

is the same as the card they have just seen. 

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented.  

 

The test supervisor or subject must press the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press either the “Yes” or “No” keys before a card turns over. If they 

make a mistake, they will hear an error sound. 
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Two Back Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask “IS THE CARD THE SAME AS THAT SHOWN TWO CARDS 

AGO?” The test supervisor will read the task instructions from the script. To begin the task, the test 

supervisor or subject must press the “ENTER” key.  

 

 

A playing card is presented face up in the center of the screen. The subject must decide as each card 

is presented, whether it is identical to the one shown two cards ago. Therefore the first two answers 

are always “No”. 
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If the face up card is identical to the one presented two cards previously, the subject should press the 

“Yes” key, if it is not they should press the “No” key. The card in the center will go to the back of the 

pack revealing the next card. As soon as it does the subject must decide whether or not it is the same 

as the card they saw two cards previously.  

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented.  

 

The test supervisor or subject must press the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press either “Yes” or “No” key before a card turns over. If they make 

a mistake, they will hear an error sound. 
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Set-Shifting Task 
 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IS THIS A TARGET CARD?” The test supervisor will read 

full instructions to the subject from the test supervisor script. To begin the task, the test supervisor or 

subject must press the “ENTER” key.  

 

 

 

A playing card is presented in the center of the screen. At the start of this task, the subject literally has 

to guess whether the card is the ‘target’ or ‘correct’ card. The subject is being asked to determine 

whether the card contains a target stimulus dimension (a color or a number).  
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As they make their guesses, the software provides feedback and will not display the next stimuli until 

a correct response has been made. For example, if they want to guess that a card is correct, they press 

“Yes”. If the guess is correct, the card will flip over. If the guess is incorrect, they will hear an error 

sound and the card will not flip over, indicating that the card does not contain the target stimulus 

dimension. In this case the subject would guess again (e.g. choose “No” to indicate that the card is 

‘incorrect’). In this way, the subject is taught that a specific dimension of the card (either a color or a 

number) is ‘correct’.  

 

When the subject has made their way through a set of cards, the ‘target’ or ‘correct’ stimulus 

dimension changes, either to the opposing example within the same dimension (eg, from red to black 

- intra-dimensional shift) or to a different dimension of the stimuli altogether (eg, from color to 

number - extra-dimensional shift). The subject is not told when these intra-dimensional or extra-

dimensional ‘set-shifts’ occur, and they must re-learn the new target ‘rule’ to proceed through the 

task.  



530 

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. 

 

There are multiple set-shifts within the task, and the order of these set-shifts is pseudo-randomized 

to create multiple alternate forms of the task.  

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can.  
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Monitoring Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask, “HAS A CARD TOUCHED A WHITE LINE?” The test 

supervisor will read the task instructions from the script.  

 

 

 

In this task, playing cards are presented next to one another in the middle of the screen. Two 

horizontal white lines are shown on the screen above and below the cards. The subject must watch 

all of the cards and press “Yes” as soon as any one of the cards touches either one of the white lines. 

To begin, the test supervisor presses the “ENTER” key.  
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The five cards will then start to move randomly, up or down towards the lines. Different cards will 

touch the upper and lower white lines at different times. As soon as any one of the cards touches one 

of the lines, the subject must press the “Yes” key. The card that was touching the line then moves 

back into the middle of the screen and starts to move again. Subject must try to ‘monitor’ all the cards 

at all times, because the other cards don’t stop moving when the subject detects a touch.  

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press the “Yes” key when no cards are touching a line. If they make a 

mistake they will hear an error sound. 
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Prediction Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IS THE NEXT CARD RED?” The test supervisor will read 

the task instructions from the script. 

 

 

 

A playing card is presented in the center of the screen. At the start of this task, the subject literally has 

to guess whether the next card in the pack is red or not.  

 

As they make their guesses, they should try to remember the color sequence of the cards. For 

example, if they want to guess that the next card will be red, they should press “Yes”. If they are 

correct (the next card is red) the card will flip over. If they are incorrect, they will hear an error sound 

and the card will not flip over (indicating that the next card is not red) so they should guess again (e.g. 

choose “No” to indicate that the next card is not red). Therefore, the subject learns the color sequence 

of the cards in the pack by this process of trial and error learning. To begin, the test supervisor presses 

the “ENTER” key. 
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The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. 

 

When the subject has made their way through the set of cards once (using guesswork), they will be 

shown the first card again, and the on-screen instructions say: “This is the same sequence over again. 

Can you remember if the next card is red?” The cards are in exactly the same order, so the subject 

must try to remember the sequence of colors they have just learned.  

 

The subject should be encouraged to work as quickly and as accurately as possible.  

 



535 

Prediction Delayed Recall Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions say: “IS THE NEXT CARD RED?” The test supervisor will read 

the task instructions from the script. 

 

 

 

Previously, the subjects learned the colors of a sequence of cards. They are now shown the same 

sequence over again and asked, “Can you remember if the next card is red?” If the subject thinks the 

next card is red, they should press the “Yes” button. If they think it is not red, they should press the 

“No” button. If the subject makes a mistake, they must correct the mistake for the next card to turn 

face-up. To begin, the test supervisor presses the “ENTER” key.  
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Associate Learning Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask, “DOES THE CARD PAIR MATCH?” The test supervisor 

will read the task instructions from the script. 

 

 

 

In this task, five pairs of face-up playing cards (aligned vertically) are presented at the top of the 

screen. A single face-down card pair (aligned vertically) is presented in the center of the bottom of the 

screen. The single pair of cards in the center will flip over, so they are face-up. As soon as the two 

central (bottom) cards turn face-up, the subject must decide if this pair matches any of the five card 

pairs above, in any order. If they do match both cards in a pair above, the subject should press the 

“Yes” button. If they do not match both cards in a pair above, they should press the “No” button. If 

the subject makes a mistake, they will here an error sound.  

 

If the subject correctly indicates that the bottom pair does match a pair in the top row, the card pair 

in the top row will turn over so both cards are face down. Therefore, the subject has to remember the 

cards in this pair.  
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The central pair (top) remains face-up throughout. 

  

 

 

The subject will practice this task until they reach the required number of responses, or until the 

practice period expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. 
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Congruent Reaction Time 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask, “ARE THE CARDS THE SAME COLOR?”. The test 

supervisor will read the task instructions from the script. 

 

 

 

In this task, two (2) playing cards will appear in the center of the screen. As soon as they turn face-up 

the subject must decide: are they the same color?  
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 If the subject thinks that they are the same color, they should press the “Yes” button. If the subject 

thinks that they are not the same color, they should press the “No” button. If the subject makes a 

mistake, they will hear an error sound.  

 

The test supervisor will press the “ENTER” key to begin the task.  

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. 

 

The subject should be encouraged to make their responses as quickly and accurately as possible after 

the cards turns face–up.  



540 

Learn One Word Task 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “HAVE YOU SEEN THIS WORD BEFORE IN THIS TASK?”  

 

 

 

A word appears in the middle of the screen. As soon as it does the subject must decide whether or not 

the same word has appeared in this task before. Therefore the first answer has to be “No” as no word 

has been previously seen.  
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The next word will be presented on the screen. The subject must decide whether they have been 

shown that word before in this task and respond by pressing the “Yes” or “No”. If an incorrect 

response is given an error noise is heard. 

 

The subject will practice until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “Enter” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and they should try and remember 

the words correctly. 
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Continuous Paired Associate Learning Task: Stage 1 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IN WHAT LOCATIONS DO THESE PICTURES BELONG?” 

 

 

In this task, the subject must learn and remember the pictures hidden beneath different locations on 

the screen.  

 

  

 

The subject must tap the target (yellow ball) in the center of the screen to begin. As each picture to 

be learned is revealed, the subject must tap each peripheral location and remember where the picture 

was located.  
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Continuous Paired Associate Learning Task: Stage 2 

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IN WHAT LOCATIONS DO THESE PICTURES BELONG?” 

 

 

 

Now the same pictures will be presented in the center of the screen, and the subject must tap on the 

peripheral location where that picture previously appeared. 
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The subject will practice this until they reach the required number of responses, or until the practice 

period expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “ENTER” key to begin the real test. In the real test, both stages are repeated, however, there are 

usually more pictures associated with more locations that need to be learned. 

 

 

Continuous Paired Associate Learning Task: Delayed Recall 

 

The pre-task on-screen instructions ask: “IN WHAT LOCATIONS DID THESE PICTURES BELONG?” 

 

 

In this task, the subject must remember the locations of the hidden pictures on the screen that were 

learned earlier. The pictures will be presented in the center of the screen, and the subject must tap 

on the peripheral location where that picture previously appeared. 
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Detection Auditory Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “HAS THE SOUND PLAYED?” The test supervisor will 

read full instructions to the subject from the test supervisor script.  

 

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key.  

 

A blank screen is displayed, and a few seconds later, a sound is played. As soon as it does, the subject 

must press the “Yes” key.  
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The next sound is played and the subject must press the “Yes” key as soon as it does and so on. The 

subject will practice this until they reach the required number of responses, or until the practice period 

expires.  

 

Then, on-screen instructions for the real test are presented. The test supervisor or subject must press 

the “Enter” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, they should try not to press the “Yes” key before a sound is played. If the subject does this 

or does not respond to a sound that has been played, they will hear an error sound. 
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Go-No-Go Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions ask: “IS THE CARD BLACK?” The test supervisor will read full 

instructions to the subject from the test supervisor script. 

 

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key. A playing card is 

presented in the center of the screen.  

 

The card will flip over so it is face up. As soon as it does this the subject must decide whether the card 

is black or not.  
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If it is black, they should press “Yes”. If it is red, they should refrain from making a response. The 

subject will practice this until they reach the required number of responses, or until the practice period 

expires.  

 

Following this, the on-screen instructions for the real test is presented.  

 

The test supervisor or subject must press the “ENTER” key to begin the real test. 
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The subject should be encouraged to work as quickly as they can and be as accurate as they can. For 

example, the subject should try not to press either the “Yes” or “No” key before a card flips over. If 

they make a mistake, they will hear an error sound. 
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STOP Task  

 

The task is preceded by a short demo round in order to familiarize the subject with the rules of the 

task. The pre-task on-screen instructions begins with: “STOP SIGNAL TASK”. The test supervisor will 

read full instructions to the subject from the test supervisor script. 

 

 

 

To begin the task, the test supervisor or subject must press the “ENTER” key. A target (+) is presented 

randomly in the center of the screen. Then either an X or an O will be presented in this target spot.  
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Every time an X is presented, the subject must press the LEFT button. Every time an O is presented, 

the subject must press the RIGHT button. When a beep is heard at the same time as when a target is 

presented, the subject must inhibit their response (i.e., not press the LEFT or RIGHT buttons) 

 

Following a short demonstration of the task, the on-screen instructions for the real test is presented. 

The test supervisor or subject must press the “ENTER” key to begin the real test. 

 

The subject should be encouraged to work as quickly as they can and be as accurate as they can. 
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Appendix 19 CWIT Condition 1 Card 
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Appendix 20 CWIT Condition 2 Card 
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Appendix 21 CWIT Condition 3 Card 
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Appendix 22 CWIT Condition 4 Card 
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Appendix 23 CWIT Conditions 1-4 Instructions and Scoring Cards 
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Appendix 24 WTAR Test Card 
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Appendix 25 WTAR Instructions and Scoring Sheet 
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Appendix 26 SF-36 Patient Proforma 
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Appendix 27 SF-36 Manual Scoring Instructions 
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Appendix 28 MRI Safety Questionnaire 
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Appendix 29 LOLA MR BRAIN 
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Appendix 30 Muscle Biopsy Protocolv4 
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Appendix 31 Appendix Data Tables 

Table A 1 two-tailed t-test Change in Right and Left Hemispheric Cortical thickness LOLA vs Placebo 
 

two-tailed t-test Change in Right and Left Hemispheric Cortical 
Thickness LOLA vs Placebo 

Brain Region Right Hemisphere p-value Left Hemisphere p-value 

bankssts_thickness 0.491 0.162 

caudalanteriorcingulate_thickness 0.728 0.292 

caudalmiddlefrontal_thickness 0.798 0.957 

cuneus_thickness 0.065 0.178 

entorhinal_thickness 0.519 0.78 

fusiform_thickness 0.124 0.253 

inferiorparietal_thickness 0.387 0.333 

inferiortemporal_thickness 0.08 0.291 

isthmuscingulate_thickness 0.615 0.975 

lateraloccipital_thickness 0.175 0.627 

lateralorbitofrontal_thickness 0.181 0.813 

lingual_thickness 0.07 0.805 

medialorbitofrontal_thickness 0.191 0.28 

middletemporal_thickness 0.227 0.552 

parahippocampal_thickness 0.798 0.856 

paracentral_thickness 0.112 0.138 

parsopercularis_thickness 0.576 0.693 

parsorbitalis_thickness 0.057 0.235 

parstriangularis_thickness 0.437 0.443 

pericalcarine_thickness 0.276 0.65 

postcentral_thickness 0.672 0.659 

posteriorcingulate_thickness 0.317 0.482 

precentral_thickness 0.986 0.683 

precuneus_thickness 0.492 0.063 

rostralanteriorcingulate_thickness 0.964 0.291 

rostralmiddlefrontal_thickness 0.796 0.977 

superiorfrontal_thickness 0.074 0.083 

superiorparietal_thickness 0.567 0.185 
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Table A 2 two-tailed t-test Change in Right and Left Hemispheric Cortical Area LOLA vs Placebo 
 

two-tailed t-test Change in Right and Left Hemispheric Cortical Area LOLA 
vs Placebo 

Brain Region Right Hemisphere p-value Left Hemisphere p-value 

bankssts_area 0.788 0.334 

caudalanteriorcingulate_area 0.801 0.719 

caudalmiddlefrontal_area 0.72 0.371 

cuneus_area 0.261 0.329 

entorhinal_area 0.399 0.968 

fusiform_area 0.65 0.248 

inferiorparietal_area 0.18 0.411 

inferiortemporal_area 0.819 0.255 

isthmuscingulate_area 0.864 0.453 

lateraloccipital_area 0.777 0.847 

lateralorbitofrontal_area 0.194 0.401 

lingual_area 0.447 0.389 

medialorbitofrontal_area 0.333 0.311 

middletemporal_area 0.352 0.436 

parahippocampal_area 0.175 0.357 

paracentral_area 0.478 0.822 

parsopercularis_area 0.818 0.347 

parsorbitalis_area 0.288 0.278 

parstriangularis_area 0.922 0.284 

pericalcarine_area 0.277 0.076 

postcentral_area 0.833 0.7 

posteriorcingulate_area 0.354 0.725 

precentral_area 0.838 0.38 

precuneus_area 0.81 0.235 

rostralanteriorcingulate_area 0.312 0.994 

rostralmiddlefrontal_area 0.659 0.236 

superiorfrontal_area 0.881 0.226 

superiorparietal_area 0.974 0.284 

superiortemporal_area 0.312 0.416 

supramarginal_area 0.716 0.259 

frontalpole_area 0.691 0.122 
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two-tailed t-test Change in Right and Left Hemispheric Cortical Area LOLA 

vs Placebo 

temporalpole_area 0.368 0.833 

transversetemporal_area 0.245 0.752 

insula_area 0.597 0.139 

WhiteSurfArea_area 0.801 0.317 

 

Table A 3 two-tailed t-test Change in Right and Left Hemispheric Cortical Volume LOLA vs Placebo 
 

two-tailed t-test Change in Right and Left Hemispheric Cortical Thickness 
LOLA vs Placebo 

Brain Region Right Hemisphere p-value Left Hemisphere p-value 

bankssts_volume 0.693 0.12 

caudalanteriorcingulate_volume 0.19 0.321 

caudalmiddlefrontal_volume 0.998 0.393 

cuneus_volume 0.872 0.972 

entorhinal_volume 0.465 0.464 

fusiform_volume 0.62 0.308 

inferiorparietal_volume 0.416 0.86 

inferiortemporal_volume 0.61 0.459 

isthmuscingulate_volume 0.361 0.428 

lateraloccipital_volume 0.76 0.606 

lateralorbitofrontal_volume 0.101 0.258 

lingual_volume 0.191 0.355 

medialorbitofrontal_volume 0.214 0.753 

middletemporal_volume 0.659 0.767 

parahippocampal_volume 0.758 0.349 

paracentral_volume 0.07 0.496 

parsopercularis_volume 0.604 0.406 

parsorbitalis_volume 0.925 0.224 

parstriangularis_volume 0.34 0.445 

pericalcarine_volume 0.382 0.151 

postcentral_volume 0.804 0.617 

posteriorcingulate_volume 0.495 0.808 

precentral_volume 0.766 0.484 
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two-tailed t-test Change in Right and Left Hemispheric Cortical Thickness 

LOLA vs Placebo 

precuneus_volume 0.353 0.561 

rostralanteriorcingulate_volume 0.859 0.865 

rostralmiddlefrontal_volume 0.65 0.261 

superiorfrontal_volume 0.273 0.947 

superiorparietal_volume 0.513 0.837 

superiortemporal_volume 0.532 0.705 

supramarginal_volume 0.439 0.517 

frontalpole_volume 0.703 0.684 

temporalpole_volume 0.566 0.8 

transversetemporal_volume 0.421 0.95 

insula_volume 0.089 0.421 

 

Table A 4 A two-tailed t-test Change in Sub-cortical Volume LOLA vs Placebo 

Brain Region p-value 

Left-Lateral-Ventricle 0.014 

Left-Inf-Lat-Vent 0.129 

Left-Cerebellum-White-Matter 0.391 

Left-Cerebellum-Cortex 0.991 

Left-Thalamus-Proper 0.568 

Left-Caudate 0.725 

Left-Putamen 0.630 

Left-Pallidum 0.126 

3rd-Ventricle 0.671 

4th-Ventricle 0.592 

Brain-Stem 0.473 

Left-Hippocampus 0.267 

Left-Amygdala 0.612 

CSF 0.287 

Left-Accumbens-area 0.499 

Left-VentralDC 0.546 

Left-vessel 0.637 
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Brain Region p-value 

Left-choroid-plexus 0.622 

Right-Lateral-Ventricle 0.119 

Right-Inf-Lat-Vent 0.480 

Right-Cerebellum-White-Matter 0.714 

Right-Cerebellum-Cortex 0.050 

Right-Thalamus-Proper 0.920 

Right-Caudate 0.248 

Right-Putamen 0.982 

Right-Pallidum 0.021 

Right-Hippocampus 0.794 

Right-Amygdala 0.531 

Right-Accumbens-area 0.139 

Right-VentralDC 0.971 

Right-vessel 0.747 

Right-choroid-plexus 0.218 

WM-hypointensities 0.287 

non-WM-hypointensities 0.253 

Optic-Chiasm 0.345 

CC_Posterior 0.765 

CC_Mid_Posterior 0.411 

CC_Central 0.743 

CC_Mid_Anterior 0.049 

CC_Anterior 0.607 

lhCortexVol 0.483 

rhCortexVol 0.760 

CortexVol 0.689 

lhCorticalWhiteMatterVol 0.276 

rhCorticalWhiteMatterVol 0.421 

CorticalWhiteMatterVol 0.187 

SubCortGrayVol 0.073 

TotalGrayVol 0.978 

SupraTentorialVol 0.394 

IntraCranialVol 0.215 
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SECTION 7: Chapter 7A Results of Brain Imaging: 

SECTION 2 White Matter Microstructure 

Table A 5 two-tailed t-test of Fractional Anisotropy difference v3-v1 LOLA vs Placebo 

 Fractional Anisotropy Brain Region Difference Visit3- Visit1 

GROUP Corpus Callosum Body  Corpus Callosum Genu  Corpus Callosum Splenium Whole Brain  

LOLA -0.045 -0.027 -0.018 -0.023 

LOLA -0.051 -0.018 -0.062 -0.035 

LOLA -0.006 0.006 -0.001 -0.001 

LOLA -0.013 -0.011 -0.033 -0.012 

LOLA 0.017 0.013 -0.005 0.002 

LOLA -0.004 0.000 0.003 0.003 

LOLA 0.001 0.001 0.001 -0.001 

LOLA 0.008 0.012 -0.015 -0.002 

LOLA -0.018 -0.006 -0.023 -0.014 

LOLA -0.029 -0.010 -0.013 -0.009 

LOLA -0.023 -0.012 -0.029 -0.016 

LOLA -0.004 -0.006 0.006 -0.003 

LOLA 0.010 0.014 0.001 0.005 

LOLA -0.007 0.001 0.000 0.002 

Placebo -0.043 -0.015 -0.053 -0.039 

Placebo 0.005 -0.002 0.003 0.005 

Placebo 0.026 0.013 0.015 0.006 

Placebo -0.012 -0.012 -0.033 -0.018 

Placebo 0.003 -0.005 0.009 0.024 

Placebo 0.000 0.004 0.012 0.010 

Placebo -0.001 0.019 0.003 0.013 

Placebo -0.005 -0.001 0.011 0.003 

Placebo 0.006 -0.002 -0.005 0.003 

Placebo -0.015 -0.003 0.000 0.000 

Placebo -0.024 -0.019 -0.001 -0.008 

Placebo -0.007 0.001 0.004 -0.001 

Placebo 0.002 0.003 -0.013 -0.005 
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 Fractional Anisotropy Brain Region Difference Visit3- Visit1 

Placebo 0.002 0.003 0.008 0.007 

Placebo -0.009 -0.012 -0.007 -0.006 

Placebo 0.017 0.000 -0.001 0.003 

Placebo 0.003 -0.001 0.002 0.005 

Placebo 0.014 0.001 0.007 0.005 

Placebo 0.016 0.014 0.001 0.002 

Placebo 0.000 0.007 0.002 0.002 

p value 0.087 0.467 0.065 0.070 

 

Table A 6 two-tailed t-test of Radial Diffusivity difference v3-v1 LOLA vs Placebo 

  Radial Diffusivity Difference visit3-visit1 

Group Corpus Callosum Body  Corpus Callosum Genu Corpus Callosum Splenium Whole-brain  

LOLA 0.090 0.057 0.046 0.042 

LOLA 0.111 0.041 0.121 0.070 

LOLA 0.011 -0.007 0.000 0.003 

LOLA 0.052 0.035 0.076 0.035 

LOLA -0.079 -0.029 0.026 0.001 

LOLA 0.013 -0.002 -0.001 -0.005 

LOLA -0.018 -0.014 -0.002 -0.004 

LOLA -0.006 -0.013 0.038 0.018 

LOLA 0.033 0.002 0.049 0.022 

LOLA 0.048 0.018 0.022 0.008 

LOLA 0.095 0.053 0.070 0.050 

LOLA 0.004 0.005 -0.020 -0.001 

LOLA -0.022 -0.022 -0.007 -0.008 

LOLA 0.008 -0.013 -0.005 -0.036 

Placebo 0.094 0.019 0.091 0.068 

Placebo -0.014 -0.002 -0.005 -0.010 

Placebo -0.054 -0.033 -0.028 -0.008 

Placebo 0.034 0.019 0.080 0.047 

Placebo -0.007 -0.003 -0.011 -0.029 

Placebo 0.014 -0.002 -0.015 -0.012 
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  Radial Diffusivity Difference visit3-visit1 

Placebo -0.004 -0.038 0.018 -0.009 

Placebo 0.015 0.014 -0.015 0.003 

Placebo -0.015 0.006 0.008 -0.007 

Placebo 0.039 0.017 0.010 0.007 

Placebo 0.054 0.035 -0.003 0.016 

Placebo -0.002 -0.018 -0.011 -0.007 

Placebo 0.002 -0.013 0.026 0.003 

Placebo 0.004 -0.003 -0.014 -0.009 

Placebo 0.018 0.013 0.009 0.007 

Placebo -0.035 0.003 0.008 -0.005 

Placebo -0.033 -0.003 -0.012 -0.017 

Placebo -0.036 0.009 -0.018 -0.010 

Placebo -0.016 -0.023 0.007 0.000 

Placebo 0.001 -0.011 0.000 -0.002 

p value 0.155 0.288 0.063 0.144 

 

Table A 7 two-tailed t-test of Apparent Diffusion Capacity difference v3-v1 LOLA vs Placebo 

Apparent Diffusion Capacity Difference v3-v1 

Group Corpus callosum Body Corpus Callosum Genu Corpus Callosum Splenium Whole Brain 

LOLA 0.062 0.043 0.060 0.036 

LOLA 0.101 0.042 0.107 0.065 

LOLA 0.000 -0.001 -0.001 0.000 

LOLA 0.079 0.043 0.073 0.048 

LOLA -0.104 -0.023 0.041 0.002 

LOLA 0.008 -0.005 -0.002 -0.006 

LOLA -0.029 -0.020 -0.003 -0.008 

LOLA 0.016 0.002 0.049 0.031 

LOLA 0.012 -0.011 0.034 0.010 

LOLA 0.009 0.016 0.013 -0.004 

LOLA 0.104 0.054 0.078 0.053 

LOLA -0.006 -0.001 -0.029 -0.009 

LOLA -0.014 -0.018 -0.012 -0.003 
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Apparent Diffusion Capacity Difference v3-v1 

LOLA -0.007 -0.023 -0.012 -0.059 

Placebo 0.069 0.003 0.061 0.059 

Placebo -0.023 -0.015 0.000 -0.014 

Placebo -0.032 -0.033 -0.029 -0.001 

Placebo 0.047 0.018 0.079 0.045 

Placebo 0.005 -0.016 -0.005 -0.002 

Placebo 0.018 -0.001 -0.004 -0.005 

Placebo -0.013 -0.027 0.042 0.008 

Placebo 0.006 0.016 0.003 0.006 

Placebo -0.010 0.006 0.012 -0.005 

Placebo 0.026 0.021 0.017 0.010 

Placebo 0.059 0.036 -0.005 0.016 

Placebo -0.025 -0.037 -0.014 -0.015 

Placebo 0.010 -0.018 0.019 -0.001 

Placebo 0.006 -0.005 -0.015 -0.007 

Placebo 0.008 0.003 0.002 0.002 

Placebo -0.027 0.009 0.013 -0.003 

Placebo -0.058 -0.007 -0.025 -0.020 

Placebo -0.038 0.018 -0.019 -0.009 

Placebo -0.003 -0.027 0.016 0.001 

Placebo 0.000 -0.009 -0.001 -0.001 

p value 0.315 0.219 0.084 0.376 

 

Table A 8 two-tailed t-test of Trace difference v3-v1 LOLA vs Placebo 

Change in Trace Difference v3-v1 

Group Corpus Callosum Body  Corpus Callosum Genu  Corpus Callosum Splenium  Whole-brain 

LOLA 0.241 0.156 0.151 0.119 

LOLA 0.323 0.124 0.350 0.204 

LOLA 0.022 -0.015 0.000 0.005 

LOLA 0.182 0.112 0.225 0.118 

LOLA -0.261 -0.080 0.094 0.004 

LOLA 0.033 -0.009 -0.005 -0.016 
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Change in Trace Difference v3-v1 

LOLA -0.065 -0.048 -0.006 -0.015 

LOLA 0.005 -0.023 0.124 0.066 

LOLA 0.077 -0.007 0.132 0.054 

LOLA 0.106 0.053 0.056 0.012 

LOLA 0.295 0.160 0.217 0.152 

LOLA 0.003 0.010 -0.069 -0.011 

LOLA -0.058 -0.062 -0.027 -0.019 

LOLA 0.010 -0.048 -0.023 -0.130 

Placebo 0.257 0.041 0.243 0.195 

Placebo -0.052 -0.019 -0.009 -0.035 

Placebo -0.141 -0.099 -0.086 -0.017 

Placebo 0.116 0.056 0.239 0.139 

Placebo -0.009 -0.022 -0.027 -0.061 

Placebo 0.045 -0.005 -0.033 -0.028 

Placebo -0.021 -0.102 0.078 -0.011 

Placebo 0.036 0.044 -0.027 0.011 

Placebo -0.040 0.019 0.028 -0.020 

Placebo 0.104 0.056 0.038 0.024 

Placebo 0.166 0.106 -0.011 0.048 

Placebo -0.029 -0.072 -0.036 -0.029 

Placebo 0.014 -0.043 0.071 0.006 

Placebo 0.014 -0.011 -0.042 -0.025 

Placebo 0.044 0.030 0.019 0.017 

Placebo -0.098 0.016 0.029 -0.013 

Placebo -0.123 -0.013 -0.049 -0.054 

Placebo -0.109 0.036 -0.055 -0.029 

Placebo -0.035 -0.072 0.029 0.002 

Placebo 0.001 -0.031 -0.001 -0.005 

p value 0.193 0.257 0.066 0.199 
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SECTION 7: Chapter 7B Results of Brain Imaging: Brain function and functional MRI 

Table A 9 Mean activation calculated for each task from each area per visit, by subject 

Subject 

Sum 
WM_C
ogC1 

Sum 
WM_
DMN1 

SumW
M_W
M1 

Sum 
CRT_C
ogCon
trol1 

SumC
RT_D
MN1 

SumC
RT_W
M1 

Sum 
WM_C
ogC2 

SumW
M_D
MN2 

SumW
M_W
M2 

Sum 
CRT_C
ogCon
trol2 

Sum 
CRT_D
MN2 

Sum 
CRT_
WM2 

Sum 
WM_
CogC
3 

Sum of 
WM_D
MN3 

Sum 
of 
WM_
WM3 

Sum 
CRT_C
ogCon
trol3 

Sum 
CRT_D
MN 

Sum 
CRT_
WM3 

1 49.48 -5.49 37.7 33.37 -12.59 34.15 21.27 -17.95 12.38 28.08 -14.4 26.91 21.75 -20.47 13.98 33.55 -17.43 25.38 

2 24.48 4.48 25.45 18.81 -2.46 27.28 22.44 -4.93 17.31 14.39 -7.4 17.27 11.29 -0.26 10.82 2.12 -10.45 5.91 

3 28.95 6.27 39.69 12.33 -9.52 20.53 40.29 15.49 56.14 14.53 2.32 25.82 3.94 -16.76 1.39 28.62 6.88 43.83 

4 14.86 -1.88 19.1 2.23 4.86 6.32 4.3 -12.15 8.45 15.91 -13.79 9.89 3.96 -0.22 9.66 -12.7 -37.08 -13 

5 25.29 -4.95 30.35 29 27.62 31.7 -8.17 -17.54 4.12 10.62 -9.79 19.78 -1.6 -13.53 9.1 -4.46 -4.63 13.59 

6 27.09 -11.32 20.57 29.77 5.66 31.35 32.68 -1.16 23.22 36.61 2.22 30.94 24.38 0.48 22.91 24.92 -0.85 28.12 

7 16.83 1.46 24.55 -29.17 -39.53 -12.49 6.45 -1.12 11.73 42.89 18.02 44.99 27.8 13.73 40.97 24.03 -2.69 34.23 

8 42.33 11.97 39.32 22 -8.46 30.77 38.78 17.89 35.45 20.02 -6.64 27.52 40.83 11.04 39.52 30.09 -3.13 29.26 

9 4.35 -18.64 8.56 3.33 -31.47 23.05 14.64 -14.3 21.3 6.58 -14.89 25.33 9.68 -19 14.91 7.33 -17.29 30.31 

10 22.98 18.5 24.56 -6.63 -5.26 -5.7             5.11 -9.98 -10.72 -28.96 -62.81 -39.99 

11 9.91 -12.68 9.2 13.97 -15.83 11.14 27.96 -11.88 20.18 23.85 -16.73 15.75 10.67 -15.37 4.85 9.8 -8.03 10.87 

12 34.83 -7.97 20.83 51.14 -10.32 37.71 23.8 -17.86 15.66 26.54 -12.46 17.43 5.34 -11.93 -2.4 2.56 -1.45 1.46 

13 56.93 11.77 41.02 4.42 -0.43 -3.32 22.06 -14.96 12.99 24.23 1.47 17.71 34.48 -10.47 30.09 9.1 6.18 11.19 

14 30.78 -0.91 33.6 13.08 2.47 17.52 16.87 -10.31 14.32 15.79 13.68 26.35 23.93 2.71 21.88 15.41 -13.45 18.37 

15 7.52 -17.67 7.91 -12.32 -14.33 -7.49 6.41 -24.51 2.41 6.63 -10.68 5.69 20.41 -13.95 18.93 5.37 -14.49 4.99 

16 45.12 4.3 36.1 17.89 0.36 23.58 49.34 0.17 40.76 24.46 5.71 27.12 22.22 3.43 16.84 31.72 1.55 29.92 

17 34.29 1.12 41.25 14.96 -10.63 18.11 36.46 -6.39 32.73 30.11 -7.51 25.12 16.93 -25.6 7.28 14.59 -20.22 15.47 
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Subject 

Sum 
WM_C
ogC1 

Sum 
WM_
DMN1 

SumW
M_W
M1 

Sum 
CRT_C
ogCon
trol1 

SumC
RT_D
MN1 

SumC
RT_W
M1 

Sum 
WM_C
ogC2 

SumW
M_D
MN2 

SumW
M_W
M2 

Sum 
CRT_C
ogCon
trol2 

Sum 
CRT_D
MN2 

Sum 
CRT_
WM2 

Sum 
WM_
CogC
3 

Sum of 
WM_D
MN3 

Sum 
of 
WM_
WM3 

Sum 
CRT_C
ogCon
trol3 

Sum 
CRT_D
MN 

Sum 
CRT_
WM3 

18 23.9 -0.19 28.25 9.74 -20.05 9.72 14.98 -1.21 24.37 7.95 -1.1 4.35 19.88 -6.2 28.6 -2.51 -6.71 5.74 

19 33.57 -34.61 -13.38 16.82 -10.82 11.44 9.49 -19.71 7.93 23.01 -14.17 17.41 -70.24 -110.89 -93.74 19.74 -42.95 -1.14 

20 40.2 10.02 49.19 18.62 9.64 24.74 24.48 -2.26 34.13 2.63 -7.25 17.54 10.84 -20.35 8.61 47.54 18.69 44.63 

21 22.47 -7.59 22.37 13.33 -7.73 25.14                         

22 42.79 -1.15 30.12 57.09 -15.31 46.33 55.84 3.19 45.6 54.61 -18.29 44.26 60.08 10.86 46.66 37.67 -12.3 26.88 

23 6.87 -11.14 18.8 -7.84 -9.37 2.46 30.3 -2.24 35.56 17.08 11.93 23.03 19 -6.68 22.21 -3.98 -2.43 -13.51 

24 8.34 -24.63 8.62 7.92 -18.66 16.39 11.46 -7.38 21.18 2.27 -12.7 5.62 10.28 -19.11 18.04 8.56 -5.15 17.25 

25 20.5 9.87 15.44 4.89 -9.15 3.58 13.82 4.8 6.64 29.73 9.19 19.25 42.53 12.5 38.57 42.62 12.51 38.55 

26 -0.54 -15.99 -3.07 9.06 -8.93 -1.41 32.16 -5.27 21.28 -10.34 -20.43 -3.68 28.78 -2.64 26.03 4.31 -6.08 5.66 

27 46.4 8.57 48.12 3.34 -3.97 10.89 25.88 -2.43 22.3 8.75 -17.21 8.93 14 -17.1 15.02 13.73 -21.02 12.78 

28 9.76 1.1 11.7 -0.97 -17.39 1.79 17.89 10.03 22.96 7.28 -10.58 9.81 3.81 6.07 23.12 -8.01 -3.04 -1.98 

29 47.03 -1.96 58.19 42.55 -23.6 37.12 38.2 -1.98 47.79 40.27 -6.81 33.9 45.63 9.25 54.14 29.9 -9.78 31.62 

30 34 7.36 38.28 -12.43 -8.32 -15.14 27.38 -6.43 30.58 20.67 -4.08 27.36 50.73 6.96 52.27 54.18 -1.08 66.47 

31 62.35 39.29 73.57 3.18 -30.71 -2.87 10.95 -51.91 -15.52 -3.08 -26.16 -6.19 24.8 1.3 7.71 4.75 -13.18 17.02 

32 14.03 5.22 25.01 8.64 -18.85 15.58 24.95 4.91 38.16 -8.12 -43.38 5.31 32.22 -3.29 36.82 4.1 -25.71 14.91 

33 27.86 0.1 29.74 0.07 -19.23 1.58 18.97 -1.75 20.16 9.77 -13.63 9.95 15.91 -12.51 24.11 11.96 -4.76 10.86 

34 31.32 -20.77 30.36 4.07 -15.24 7.54 16.21 -25.12 11.92 27.84 -4.74 21.43 27.3 -24.78 24.36 14.63 -17.1 11.35 

Grand 
Total 

945.16 -65.47 925.05 453.12 -353.88 526.19 728.56 -226.27 704.17 571.57 -250.28 601.9 616.6
6 

-302.77 582.54 472.28 -339.46 536.99 
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Table A 10 Six ROI values per person per visit were calculated 

Subject Total SumWM_CogControl Total Sum WM_DMN Total SumWM_WM Total SumCRT_CogControl Total SumCRT_DMN Total SumCRT_WM

58.22 -0.71 53.58 35.32 -20.32 50.46 

73.18 5.01 97.22 55.48 -0.32 90.19 

-1.69 -7.33 -5.99 56.86 -6.3 47.14 

23.12 -14.25 37.2 5.43 -46.01 3.2 

15.52 -36.02 43.57 35.17 13.21 65.07 

84.15 -12 66.7 91.31 7.04 90.4 

51.08 14.07 77.25 37.74 -24.2 66.72 

121.94 40.89 114.29 72.11 -18.24 87.54 

28.67 -51.94 44.78 17.24 -63.65 78.69 

28.09 8.51 13.84 -35.59 -68.08 -45.7 

48.53 -39.92 34.23 47.62 -40.58 37.76 

63.98 -37.77 34.09 80.23 -24.24 56.59 

113.47 -13.67 84.1 37.74 7.22 25.59 

71.58 -8.5 69.8 44.28 2.71 62.24 

34.34 -56.13 29.25 -0.32 -39.5 3.19 

116.68 7.91 93.7 74.07 7.61 80.62 

87.67 -30.86 81.26 59.66 -38.37 58.7 

58.76 -7.59 81.22 15.17 -27.85 19.82 

-27.17 -165.21 -99.19 59.57 -67.94 27.71 

75.51 -12.59 91.93 68.79 21.09 86.9 

22.47 -7.59 22.37 13.33 -7.73 25.14 

158.71 12.9 122.37 149.37 -45.91 117.47 

56.16 -20.06 76.56 5.26 0.13 11.98 

30.08 -51.13 47.84 18.76 -36.51 39.25 

76.85 27.17 60.65 77.24 12.55 61.38 

60.41 -23.89 44.23 3.04 -35.44 0.58 

86.28 -10.96 85.43 25.82 -42.2 32.61 

31.46 17.2 57.77 -1.71 -31.01 9.62 

130.85 5.31 160.12 112.73 -40.19 102.64 

112.11 7.9 121.13 62.42 -13.48 78.68 

98.1 -11.33 65.76 4.85 -70.05 7.97 

71.2 6.84 99.98 4.62 -87.94 35.8 
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Subject Total SumWM_CogControl Total Sum WM_DMN Total SumWM_WM Total SumCRT_CogControl Total SumCRT_DMN Total SumCRT_WM

62.74 -14.17 74.01 21.8 -37.62 22.39 

74.83 -70.67 66.64 46.55 -37.08 40.32 

Total 2290.38 -594.51 2211.76 1496.97 -943.62 1665.08 
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