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And | didn’t hesitate to follow the path of vocation and learning
When | felt full of comprehension and love,

Even when the steps seemed to be too short and the way immense.

| no he dubtat a seguir el sender de la vocacio i aprenentatge
Quan m'acompanyava la comprensio i I'amor,

Tot i que els passos semblaven curts i el cami immens.

E non dubidei de seguir o camifio da vocacion e a aprendizaxe
Cando tifia 6 meu car6n a comprension e o amor,

Ainda cando os pasos asemellaban ser moi curtos e longuisima a estrada.

Y no he dudado en seguir el sendero de la vocacién y el aprendizaje
Cuando me acompafiaba la comprension y el amor,

Aln cuando los pasos parecian cortos y el camino inmenso.



Preface



“Nothing worthwhile happens overnight. You have to put time and love to build
relationships, careers, spiritual connections. When you hurry the process, you

stagnate.

Or worse still, your impulsiveness can lead to build something with weak

foundations, which will collapse over time.

Today, do not hurry the important things. Practice patience and perseverance to

make sure your creations can be strong and stay a long time”

“Nada que valga la pena sucede de un dia para otro. Tienes que poner tiempo
y amor en construir relaciones, carreras, conexiones espirituales. Cuando

apresuras el proceso, te estancas.

O peor aun, tu impulsividad puede llevarte a construir algo con cimientos

débiles, que se derrumbara con el tiempo.

Hoy, no apresures las cosas importantes. Practica la paciencia y la
perseverancia para que tus creaciones puedan ser fuertes y permanecer un

tiempo largo”
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Summary

1. Summary

Historically, hepatic encephalopathy has been considered a
reversible neuropsychiatric syndrome with the astrocyte as the
pathological target. Implementation of liver transplantation showed
the ability to improve cognitive and neuroradiological abnormalities
related to liver failure and on the other hand revealed persistence
of neuropsychological deficits in some cases. In addition,
neuroimaging studies performed in recent decades unfolded brain
atrophy in patients with chronic hepatic encephalopathy. Thus, last
years pointed that hepatic encephalopathy may cause structural
brain injure and sequels.

This research investigates the outcome of
neuropsychological function and brain structure following
successful liver transplant. Specifically, the effect of hepatic
encephalopathy and its outcome have been analyzed. Other
variables with suspected influence in the cognitive function were
also evaluated.

These objectives were assessed by a dual approach of
neuropsychological tests and magnetic resonance in longitudinal
studies.

A heterogeneous cognitive outcome was found after one
year of successful liver transplantation. Several pre-transplant
conditions can impair the pos-transplant neurological function.
Hepatic encephalopathy has been linked to a persistent damage

(predominantly in psychomotor function) in addition to alcohol
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Summary

abuse and diabetes mellitus. Besides, hepatic encephalopathy
was associated to a decreased brain volume evoking loss of brain
tissue. Spectroscopic analyses suggested neuronal loss with the
smaller brain volume.

At long-term, cognitive function remained stable unless de novo
neurological diseases cause cognitive decline. In fact, small vessel
cerebrovascular disease was associated with loss of memory in
those patients with accumulation of cardiovascular risk factors
such as diabetes mellitus and arterial hypertension.

Some factors implicated in neurological injury may not be
appropriately investigated due to methodological issues as
immunosuppressive drug effects or perioperative ischemia.
Additionally, the fact that other factors (e.g. alcohol, diabetes)
affect cognitive function make difficult to define the damage due to
hepatic encephalopathy. Despite these limitations, the present
research strongly suggests that hepatic encephalopathy is
associated with permanent structural injury and loss of neurons.
This concept is supported by other lines of evidence such as
activation of mechanism of cell death (oxidative/nitrosative stress,
energy impairment and inflammation) in hepatic encephalopathy.
Besides, neuronal loss has been previously demonstrated in other
neurological diseases associated with liver failure as cerebellar
degeneration and acquired hepatocerebral degeneration (non-

Wilsonian).
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Summary

It is important to note that persistent damage is mild and on
average, cognitive function after liver transplant remains within
normal range.

In order to establish a causal relationship further
investigation is required. However, the results of this research can
have important implications.

From a pathogenic perspective, the classical consideration of
hepatic encephalopathy as exclusively an astrocytic disease
needs re-evaluation.

From a clinical and prognostic point of view some considerations
must be taken into consideration. Strategies focussed on avoiding
or minimizing the occurrence of hepatic encephalopathy may
prevent cognitive decline, especially in those patients with other
neurological comorbidities and in those at risk of cognitive damage

as liver transplant candidates.
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Introduction

2. Introduction

Implementation of new treatments is desirable since it reflects a

new hope in the fight against a disease.

Advanced liver failure is a common scenario mostly due to the
progression of chronic liver diseases. Despite a better knowledge
of the pathophysiology and new drugs development, end-stage
liver disease still carriers high rates of morbidity and mortality. The
development of liver transplantation (LT) together with
immunosuppressive therapies led to a great improvement in the
prognosis of patients with advanced liver disease. Many beneficial
effects were reported after successful LT as well as several
complications related to the perioperative management and to the

mandatory posttransplant immunosuppression.

A limiting factor is the organ availability, so the possibility of
transplants is dependent upon the generosity of society. Taking
these considerations into account, it is necessary to select patients

carefully to ensure there are both individual and global benefits.
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Introduction

2.1.Cirrhosis and liver failure

Liver cirrhosis is a common feature of chronic liver diseases which
is frequently diagnosed in developed and developing countries.

The last report from World Health Organization (in 2004)
claimed that cirrhosis was the ninth cause of burden of disease in
the European region and mortality from cirrhosis was 8x10° for all
ages which represented 1.3% of total deaths in the World 2.

The only curative treatment of end-stage liver diseases is liver
transplantation. However, only 20% of patients with advanced
cirrhosis can finally receive a new liver owing to the great
imbalance between donation and potential recipients®.

Chronic liver disease may be due to a number of factors
including chronic viral hepatitis, alcohol abuse, metabolic
syndromes and auto-immune disorders among other causes. In
many cases, cirrhosis results from a combination of factors rather
than a single cause. Regardless of the aetiology, the persistent
insult results in hepatocyte necrosis, chronic inflammation and
fibrosis in different degrees*. The progressive damage is
associated with the distortion of the vascular bed, nodular
regeneration of the remaining liver parenchyma and loss of normal
cellular functions (figure 1).

Liver synthetic dysfunction results in the decrease in a range of
proteins such as coagulation proteins, glycoproteins, lipoproteins

and albumin.

Page 20




Introduction

In parallel, there is an accumulation of substances usually

metabolized and excreted by liver cells as bilirubin and ammonia.

Figure 1
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Besides, liver is a crucial organ in the metabolism of biological

substance such as cholesterol, steroids, and phospholipids and
also plays an important role in the metabolism of exogenous
substances such as drugs. In addition, alteration in the
intrahepatic vascular bed in liver diseases causes an increase in
the portal pressure which results in splanchnic arterial
vasodilatation and consequently leads to a high cardiac output, a
reduced peripheral vascular resistance and arterial pressure.
Compensatory mechanisms to recover the underfilling of the
arterial circulation subsequently become activated such as
sympathetic nervous system, renin-angiotensin-aldosterone
system and, in late stages, hypersecretion of arginine vasopressin.

Recent research has shown that bacterial translocation from
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Figure 2.
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association with

multiorgan failure®®

intestinal lumen to the mesenteric lymph nodes' and the
systemic inflammatory response syndrome (SIRS)*°*™* have an
important role in the pathogenesis of multiorgan involvement in
cirrhosis.

All these abnormalities enhance the progression of liver
decompensation as well as impairing the normal function of other

organs* (figure 2).
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Major advances have been made in recent years to both prevent
and treat the common complications of cirrhosis such as variceal

bleeding, ascites, spontaneous bacterial peritonitis and

encephalopathy. However, in advance liver failure morbidity and

mortality still remain high without LT***.
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2.2.Hepatic encephalopathy

Hepatic encephalopathy (HE) is characterized by a wide
spectrum of neurological manifestations that can be classified
according to the underlying liver disease®. HE can be seen in
acute liver failure, where it constitutes the clinical hallmark of this
disorder*™. In rare cases, HE develops in the absence of any sign
of parenchymal liver disease and is solely caused by portal-
systemic shunting either congenital malformation or by surgical
induction. The most frequent situation is in the setting of liver
cirrhosis, usually accompanied by extrahepatic portal-systemic
shunts (spontaneous or surgical). In fact, HE is a common
complication that occurs in 30-45% of cirrhotic patients®*®
whereas minimal hepatic encephalopathy, characterized by
subclinical deficits, affects approximately 20-60% of patients with

liver disease®’®1€08813¢ According to the clinical evolution®® HE

can be episodic, persistent or minimal (table 1).

Table 1. TYPES SUBTYPES | FEATURES

Precipitated Acute change in mental state induced by:
gastrointestinal haemorrhage, constipation,
hepatic excessive protein intake, infection, renal failure,
Episodicy dehydration, electrolyte disturbance

Classification of

encephalopathy Spontaneous | Without recognized precipitating factors. Usually
in cirrhosis associated with large portosystemic shunts
(spontaneous, surgical, TIPS)

Adapted from Mild Chronic cognitive or motor manifestations that
Ferenci P et al*® Persistent impa_c_t negatively on social and occupational
activities but do not cause dependency

Severe Chronic symptoms that cause dependency

Cognitive disturbances detected by
neuropsychological or neurophysiological test
that are not evident in the standard neurological
examination

Minimal

Patients with HE in the setting of acute liver failure, portosystemic shunting
without intrinsic liver disease and acute-on-chronic liver failure are classified
separately.

1 Recurrent HE means 2 or more episodes of HE within the last six months.
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Figure 3.
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Historical approach

The association between liver and brain function has been
known for a long time. Hippocrates (460-370 B.C.) recognized
paroxysms of mania complicating acute jaundice. A large variety
of symptoms were described over centuries but it was in the
1950's when Adams and Foley® (1953) first give a comprehensive
clinical and pathological description of hepatic coma and Sherlock
et al (1956) had a in-depth analysis of the neuropsychiatric
syndrome associated to cirrhosis, portosystemic vascular
alterations and intolerance of nitrogenous substance'®®. In 1952,
Phillips et al demonstrated deranged nitrogen metabolism in HE
inducing the same clinical and electroencephalographic alterations
in a group of patients after the administration of large amounts of
dietary proteins, ammonium salt or urea*®®. Successive years of
twentieth century led to a better knowledge of anatomy and
physiology of liver and to a better understanding of the
neuropsychiatric syndrome associated to liver disease and its
neuropathological substrate. The first description of the brain
changes in liver disease was given by von Hésslin & Alzheimer’?
in 1912. They depicted thinning of the cerebral cortex,
enlargement of the lateral ventricles, lenticular degeneration and
presence of astrocytes with enlarged, pale nuclei with peripheral
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Figure 4.

Severe neuronal
loss in deep layer of
cerebral cortex and
replacement by
astrocytes and

microgliacytes®’

margination of chromatin and often prominent nucleoli commonly,
known as Alzheimer type Il astrocytes (figure 3).

Since then, numerous reports with concordant findings have
been published. In contrast to these well-established astrocytic
alterations, neuronal changes were seldom reported. In routine
histopathological studies neurons appear to be normal in shape
and number. However, several reports illustrated neuronal
alterations in both human and animal models of cirrhosis. Adams
and Foley® observed in a cohort of patients who developed hepatic
coma nerve cells degenerated in the cerebral cortex, thalamus,
lenticular, red and dentate nuclei in the most severe cases of the
neurologic syndrome but not in the less critical. These findings
were confirmed in a systematic description of the neurological
syndrome afterwards labelled as acquired hepatocerebral
degeneration (AHCD)Y*" (figure 4) and confirmed by other
authors®> several years later. Neuronal cell loss was also
observed in a systematic neuropathological study of cerebellar
sections of 36 patients who died in hepatic coma®. Interestingly,
loss of Purkinje cells was observed in 50% of patients without prior
history of alcohol abuse. Reproducible data was obtained in
different animal models of HE such as carbon tetrachloride

induced liver disease or porto-caval shunt®**2,

o
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Pathogenesis

The mechanisms involved in the pathogenesis of HE
remain unknown and many factors could be implicated in the
development of this syndrome. Liver failure causes an increase in
the exposure of the brain to several substances that under normal
circumstances are efficiently metabolized by the liver; those that
have a high first pass metabolism across liver are the most
important, as shown by the major role of portal-systemic shunting
in the development of HE. Other factors that are commonly

present in patients with liver failure and can cause deterioration in

Figure 5. neurological function are inflammation, circulatory derangements,
Interorgan . - A .

g_ nutritional deficits, comorbidities and other organ failures.
ammonia
trafficking and I. Ammonia toxicity. Ammonia has been historically considered the
metabolism.

most important factor in the genesis of HE (Figure 5). Under
Portal-systemic
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normal circunstances, ammonia is produced by the gut with an
important contribution from colonic bacteria. Its concentration in
portal blood is high, and a high extraction occurs in the liver*®.
In addition to the intestine and the liver, kidney and muscle also
contribute to the regulation of the arterial ammonia level*?3. In
muscle, ammonia is converted into glutamine through the action
of the enzyme glutamine synthetase. The ability of the muscle to
“neutralize” appreciable amount of blood-borne ammonia
becomes important to regulate arterial ammonia in context of
liver failure and highlights the importance of maintaining an
adequate muscle mass. Patients with HE have an increased
diffusion of ammonia into the brain in relation to an increase in
arterial ammonia®’. In the brain, ammonia is metabolized to
glutamine in astrocytes, where ammonia or glutamine exerts
their toxic effects. Recent data provide more information on the
mechanisms by which ammonia causes neuronal disturbances,
but a complete explanation is still lacking’. Signs of oxidative
stress, such as protein tyrosin nitration, have been found in
experimental preparations. In addition to protein damage,
ammonia induces RNA oxidation, which may have multiple
effects in neurotransmission and postsynaptic protein
synthesis™*.

Inflammation. The presence of SIRS has been linked to the
development of HE in fulminant hepatic failure’®® and

cirrhosis'*®. The activation of inflammatory mediators, such as
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cytokines, may modulate the effect of neurotoxins on the brain.
Peripheral inflammation may signal the brain through the
activation of vagal afferents'®. Other mechanisms of
transduction of signals into brain are binding of cytokines to
receptors in cerebral endothelial cells or direct access of
cytokines into brain tissue at sites lacking blood-brain barrier®.
Inflammation may also be localized in the brain. Microglial
activation and proinflammatory cytokines synthesis has been
shown in experimental models of acute liver failure®.
Neuroinflammation has an important role in many neurological
diseases. In HE, activation of inflammation in brain tissue may
increase blood-brain barrier permeability, resulting in generation
of intracerebral mediators of inflammation and cause astrocytic
swelling”®"".

Circulatory Dysfunction. There is a close relationship between
renal and cerebral circulation in liver failure. In advanced liver
failure, both organs lose their property of vascular
autoregulation®®®. In patients with cirrhosis and ascites, there is
renal and cerebral vasoconstriction, which is probably related to
arterial hypotension and to the overactivity of vasoconstrictor
systems®®. The clinical experience also links renal failure to HE.
In patients with advanced cirrhosis, an increase in serum

creatinine and a decrease in serum sodium are the two most

important factors involved in the recurrence of HE®,
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Abnormalities on the brain function

Astrocytes. The distinctive neuropathological alteration in HE is
Alzheimer type Il astrocyte. Glutamine is generated in the
astrocytes during the detoxification of ammonia through the
amidation of glutamate. The accumulation of glutamine causes
an increase in intracellular osmolality*® or induce mitochondrial
injury by the activation of the mitochondrial permeability
transition’. The change in the state of cellular hydration causes
impairment of several metabolic pathways and has been
proposed to be responsible for brain edema and for neurological
manifestation of HE’®. Factors that precipitate HE such as
inflammation, hyponatremia and benzodiazepines can
exacerbate swelling®’. Mechanisms by which abnormal glial cells
can influence neuronal function include interaction with
glutamate reuptake® and activation of peripheral-type
benzodiazepine receptors, causing increased synthesis of
neurosteroids that are powerful ligands of the GABAa receptor
(an inhibitory neurotransmitter)®.

Neurotransmission. Multiple abnormalities of neurotransmitter
systems have been described in animal models of HE, including

disturbances in the excitatory glutamatergic'*

and inhibitory
GABAergic'!’ neurotransmitter systems. Some supportive data
are provided by studies on human brains®’ and by neuroimaging

techniques. However, it is difficult to relate the complexity of

neurotransmission disturbances to the neurological
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manifestations. Several therapeutic attempts have been
conducted to restore disturbances in neurotransmission with
specific drugs, but the results have not been remarkable™®.

Energy impairment. The brain is the tissue with the highest
energy requirements in human body and depends entirely on the
process of glycolysis and respiration within its own cells to meet
its energy demands. In HE, a decrease in consumption of
oxygen and glucose is accompanied by a decrease in cerebral
blood flow™. It is not possible to distinguish whether the
decrease in oxygen consumption is a cause or consequence to
the encephalopathy. The current interpretation is that energy
impairment is secondary to decrease in neuronal function, as in
other metabolic encephalopathies. However, another
explanation is the direct effect of ammonia on energy
metabolism causing neuronal disturbances’’®. In fulminant
hepatic failure, and possibly in acute-on-chronic liver failure,
disturbances in energy metabolism may have an important
participation on the clinical picture. In patients with acute liver
failure increase in brain lactate, indentified by brain microdialysis
is followed by surges of high intracranial pressure®®.
Furthermore, an increase in plasma lactate is a well-recognized
prognostic factor in fulminant as well as acute-on-chronic liver
failure®. Experimental models have shown that the increase in
newly lactate synthesized in the brain rise in parallel of brain

water in the intracellular compartment®*. Ammonia may impair
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glycolysis, because it inhibits a-ketoglutarate dehydrogenase,
the rate-limiting enzyme of the tricarboxylic acid cycle**, and may
have a direct toxic effect on the mitochondria’. An alternative
explanation is that lactate is generated aerobically by excess
glutamatergic activation?’, induced by excessive amidation of
glutamate, secondarily to an increase in brain ammonia.
Irrespective of the mechanism involved, a drop of brain pH can
cause injury at multiple levels, including astrocyte swelling**°.

Brain edema. Brain edema is a recognized event in acute and

146

chronic liver failure and can be identified by direct™ and

indirect*3®

techniques of magnetic resonance (MR). The major
factor involved in the development of brain swelling is the
increase in plasma ammonia®. Others factors such as
hyponatremia may enhance the effects of ammonia®. An
intriguing finding is the different distribution of water in acute and
in chronic liver failure, suggesting different pathogenic
mechanisms. In acute liver failure, brain water is mainly located
in the intracellular space®, meanwhile in chronic liver failure is
mostly extracellular'®. Brain edema has been proposed to have
major consequences on neuronal function’™, but good evidence
is lacking. The increase in volume of the brain inside a rigid skull
can cause intracranial hypertension and finally brain herniation,
which is responsible for a significant number of deaths in

fulminant hepatic failure. = Compensatory mechanisms that

require chronic induction, a lower plasma ammonia levels and a
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smaller brain volume explain why intracranial hypertension is
seldom seen in cirrhosis®. In fulminant hepatic failure and
possibly in acute-on-chronic liver failure, cerebral vasodilatation
and loss of autoregulation may worsen brain swelling®.
Measures that decrease cerebral vasodilatation also decrease
intracranial pressure®’.

101173 35 well

Brain atrophy. Different neuroimaging techniques
as neuropathological studies® have proven brain atrophy in
patients with chronic HE. The prevalence and the degree of
atrophy were higher among the alcoholic patients. This feature
could be explained by the fact that alcohol causes a dose-related
brain atrophy which is partially reversible with abstinence®?®. On
the other hand, this could be underestimated due to the
coexistence of brain edema. A plausible explanation could be
that exposure to toxins involved in the pathogenesis of HE could
also cause loss of brain parenchyma. This hypothesis is
supported by the neuropathological demonstration of neuronal

loss in severe neurological manifestations of liver failure®**°’.

Assessment of HE

Hepatic encephalopathy is a syndrome with a wide
spectrum of clinical manifestations that typically fluctuates during
the course of the disease. Quantification of these clinical
manifestations is useful for monitoring the clinical course and

assessing the effect of therapeutic interventions. In contrast to the
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traditional view that considered HE a categorical disease which
progress from normal cognition (normal clinical exam and
psychometric tests) to minimal HE (normal clinical exam and
abnormal psychometric test) and to grade I-1l (abnormal clinical
exam and psychometric test), the current interpretation is that HE
is a continuum cognitive impairment™®. Those patients with
cognitive disturbances (even if not obvious on clinical exam) are
considered to have low-grade HE if the deficit is not severe
enough to qualify as confusional syndrome (acute episodic HE) or
dementia®. The available tools to assess HE have several
limitations because some of them require patient collaboration and
are limited by the consciousness state. So, the approach is
different in acute episodic HE (were confusion is common and the
clinical scales to grading HE are more useful) and in low-grade HE
(were confusion was ruled out and the neuropsychological
assessment is more valuable).

Clinical scales for grading episodic HE. These scales evaluate the
presence of neurological manifestations. Although their

standardization is still in initial phases™®

, their expert use provides
worthwhile assessment.
a. West Haven Scale: Arbitrary method that establishes four
stages of HE according to the existence of multiple
manifestations for each stage. The lack of specific definition

for each stage leads to an intuitive and subjective use of

this classification. This limitation does not invalidate its
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application to individual cases but diminishes its usefulness
in clinical trials**®,

b. Hepatic Encephalopathy Scaling Algorithm (HESA). HESA
combines clinical indicators with validated
neuropsychological tools and well defined criteria for each
stage®’ but requires staff training.

c. Clinical Hepatic Encephalopathy Staging Scale (CHESS).
In contrast to other scales, CHESS was developed without
a previous arbitrary definition of severity of HE'**. Forty-
eight items were evaluated in 36 patients. Nine items were
finally selected by a group of experts applying principal
component analysis. This scale shows good index of
internal consistency, reproducibility, criterion-related validity
and external responsiveness but requires further validation.

d. Glasgow coma Scale. Initially developed to assess
posttraumatic coma, it is recommended to complete the
assessment in severe cases of EH>® in combination with
other scales.

Neuropsychological tests. These tools measure cognitive
functions (for instance memory, attention, motor or visuospatial
skills) relevant in daily life. For this reason they are better than
neurophysiologic tests and more appropriate for patients without
impaired consciousness but confusion should be excluded before

their application®33,
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Expert neuropsychological assessment: This is considered
as the best method to demonstrate cognitive deficits.
Patients are requested to complete a series of tests which
ideally are adjusted by confounding factors such age,
gender and education and them compared to normative
standards and interpreted by neuropsychologist. The result
is suggestive but not specific for the disease.

Short neuropsychological batteries: These

105114189 “include a limited number of tests

assessments
conducted by a trained technician and typically take less
than 30 minutes. They are weighted to detect those deficits
that characterize low-grade HE (attention, motor and
executive function) and represent an alternative to expert
examination. These batteries do not differentiate minimal

from persistent low-grade HE and also have the limitation of

learning effect in case of repeated testing.

Neurophysiological test. These techniques examine the electrical

activity of the brain. They have the advantage of being objective

and useful for repeat testing due to lack of learning effect but

require equipment.

a.

Electroencephalogram. This technique has been used in
varying degrees in HE and five grades of severity have
been established (from normal to coma).

Evoked potentials. These measures are not suitable for

severe cases of HE as they require patient’'s cooperation.
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C.

Critical Flicker Frequency. This technique requires patient’s
collaboration and have been purposed as a diagnostic

method for minimal HE®®,

I\V. Neuroimaging. In patients with cirrhosis, MR is useful in exclusion

of alternative diagnosis such us Wernicke’s encephalopathy, viral

encephalitis or stroke and is capable of detecting abnormalities

that are characteristically present in the brain of patients with

cirrhosis that develop H

a.

E138:

Paramagnetic substances in basal ganglia. A high signal
intensity on T1l-weigthed images typically in globus
pallidus® is a common feature and probably caused by
deposition of Manganese. The intensity of the signal is not
related to the severity of HE™* but its absence in cirrhotic
patients with neurological symptoms suggests an
alternative diagnostic.

Brain atrophy. The decrease in brain size has been
associated with cirrhosis, more often in cases of alcohol
aetiology'®*”*. The brain atrophy related to alcohol abuse
is partially reversible after abstinence. However, the
mechanism which induces brain atrophy in cirrhosis
remains unknown.

Brain edema. Increase in brain water in liver failure has
been shown using MR techniques in patients with chronic
liver failure*® and in experimental models with laboratory

methods®*. The location and severity of brain water appear
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Figure 6.

T2-weighted fast FLAIR
images in a patient (A)
during an acute episode
of HE (B) few months
later without signs of HE.
Increased signal
intensity along
corticospinal tract almost
reverses on the follow-
up. The most plausible
explanation for this
finding is mild brain

edema®®

to be different according to the duration and degree of liver
failure. Acute liver failure causes intracellular edema that
can be severe and leads to brain herniation**? while chronic
liver failure induces low-grade interstitial edema®:.
Magnetization transfer (MT) imaging®® "> fast fluid-
attenuated inversion recovery (FLAIR) imaging**® and

diffusion-weighted imaging (DW1)*****

are sophisticated MR
techniques more sensitive than the conventional sequences
to show changes in the brain tissue water content. In
chronic liver failure, the decrease in the MT ratio, the high

signal in the corticospinal tract in FLAIR sequences and

increase in brain water diffusivity are consistent with brain

138

edema

Changes in organic osmolytes/ammonia related-
metabolites. MR-spectroscopy reveals a typical pattern in
HE: an increase in glutamine and a decrease in the choline-
containing and myo-inositol peaks®. These features are

related to the metabolism of ammonia in astrocytes which

Page 37




Introduction

incorporates glutamate and ammonia to glutamine. This
leads to astrocyte swelling and to a compensatory osmotic
response: decrease in myo-inositol and choline containing
compounds®. The intensity of these alterations has been

linked to the severity of HE®® (figure 7).

Figure 7.
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Prognosis

HE is traditionally considered a symptom of liver failure with
worrying considerations. However, the prognosis is not uniform
and is dependent on the severity of the underlying liver condition
and the patient’s neurologic function.

In acute liver failure is a marker of the disease™*® and often
associated with high morbidity and mortality without liver
transplant’®.

In cirrhosis, the development of HE have been associated

23,36,143

with a poor prognosis However, the outcome is
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heterogeneous and dependent on the severity of liver
insufficiency, neurological manifestations and the precipitating
factor’®**’. In agreement, the prognostic MELD score (Model for
End Stage Liver Disease)® initially developed to predict mortality
within three months of cirrhotic patients who undergo to
transjugular intrahepatic portosystemic shunt (TIPS) did not
include this variable. The prognosis after HE is clearly related to
the severity of liver failure®® and for this reason patients who

develop HE should be evaluated for LT.

2.3.Liver transplantation

Liver transplantation advanced from an experimental therapy in
the 1960s to a conventional treatment in the 1980s for a wide range

of acute and chronic liver diseases!®.

The cornerstone in this
challenge was the improvement in technical procedure together with
the development of immunosuppressive drugs which prevented
allograft rejection. Since 1990s, the number of LT and the survival
rates have significantly risen in Europe (figure 8A) and all around the
world (figure 8B). Thus, the main objectives of LT have been
achieved as improved life expectancy*?? and better quality of life>".

In parallel, there has been an increase in identification of subjects
requiring LT. The true number of patients who might benefit from
liver replacement is not known. From the diagnosis of liver failure

towards gain a LT (referral to a transplant centre, evaluation and

acceptation for liver transplant and reach the replacement) only less
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Figure 8.

A: Evolution of
number of LT
in Europe.

B: Survival of
recipients in
Europe
according with

the year of LT*

than 20% of patients finally gain access to an organ'®. This is partly
related to the severe donor shortage which clearly affects every

patient with liver failure and leading to the current LT practice.
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2.4.Hepatic encephalopathy and liver transplantation

Many of the liver transplant candidates exhibit cognitive
disturbances'®. These abnormalities can be related to the etiology
of cirrhosis (alcohol abuse), complications of liver failure (hepatic
encephalopathy, hyponatremia), or extrahepatic comorbidities
(cerebrovascular disease, age, Alzheimer disease)?.

The benefits of successful LT include the improvement in clinical
symptoms of HE®102107:115121125 " ayan in those patients with severe

manifestations®™ such as hepatic myelopathy!#989118162170 gng the

neuroradiological alterations associated with liver failure3%39142,
However, studies that addressed cognitive function post-LT found
heterogeneous outcome with persistence of some neurologic

108,153,159

deficits , even at long-term'®.  Tarter™®

and
Mechtcheriakov'®® described an improvement in the majority of the
explored cognitive domains after LT but also reported a lack of
normalization of some of them when these subjects were compared
to healthy controls. However, these authors failed to find any
association with clinical conditions and the cause of these
abnormalities could not be established. In a post-LT cross-sectional

study Sotil et al**®

described a relationship between the
development of HE prior to LT and a more pronounced cognitive
dysfunction after LT. Nevertheless this study had several limitations
such as lack of neurological structural data, the relatively small

sample size and lack of longitudinal assessment. These factors

restricted the interpretation of HE as cause of the post-LT deficits.
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In the few cases of reported hepatic myelopathy, the outcome was

heterogeneous?®4>118

with lack of any improvement 6 months after
LT in some of them™*8,
Despite the limitations, these investigations support the notion that

HE is associated with permanent sequels'®'®

challenging the
classical view of HE as a fully reversible condition. In addition, this
hypothesis is supported by the recent observations revealed by
longitudinal studies performed in cohorts of patients who developed
HE. A recent study conducted by Bajaj et al, showed that the
patients who suffered episodic HE did not improve psychometric
parameters despite repeated testing which implicates “lack of
learning™®.The same feature was observed with different

psychometric test in other populations'®®**

confirming the
persistence of neurological deficits after HE.

The existence of sequels due to HE is not fully clarified and this
guestion is an important one. From a pathophysiological point of
view the axiom of HE as a pure gliopathy requires further
investigation. From a clinical and prognostic perspective this could
have implications in the setting of LT, where the demonstration of
sequels could lead to review the priority criteria in LT candidates. On
the other hand, in patients who are not LT candidates,
implementation of preventive therapies could have beneficial effects
on cognitive decline. For these explained reasons additional

longitudinal studies with new tools to evaluate potential permanent

neurological damage caused by HE are need. ldeally, these studies
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should control all the other factors that could affect the cognitive

function.

2.5. Comorbidities with potential neurological damage

Liver transplant represents an ideal scenario to explore cognitive
function once the liver function has been restored. For this reason,
liver transplant recipients with normal liver function are the best
population to analyse the possible sequels of HE. However, this
issue is much more complex due to the following reasons:

a) Many factors can impact postransplant cognitive function of a
patient apart from prior HE. These issues include pretransplant
conditions (alcohol abuse, liver failure complications such as
hyponatremia, extrahepatic neurological diseases such as
cerebrovascular or Alzheimer disease), peritransplant factors (eg:
ischemia associated to cerebral hypoperfusion), and postransplant
events as direct effects of immunosuppressor drugs,
cerebrovascular disease, or persistence of minimal HE due to
portosystemic shunts that remain after LT*°.

b) Neurological complications after LT  such as metabolic
encephalopathies, seizures or infections of central nervous system
are very common®° affecting as many as 13%-43% of patients* and
may be responsible of sequels.

All these factors can act in parallel or synergistically with HE and
should be taken into consideration in the studies addressed to

evaluate the effects of HE on the postransplant cognitive function.
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3. Hypothesis

Hepatic encephalopathy is a metabolic syndrome with a
reversible behaviour associated to the correction of the
precipitating factors. However, brain’'s exposure to these
pathogenic mechanisms could lead to an irreversible

neurological damage.

The irreversible neurological damage may be revealed in LT
recipients with good liver function once the metabolic alterations

associated with the liver failure are fully resolved.

Permanent neurological damage is manifested as loss of normal
neurological function and can be demonstrated by

neuropsychological studies.

The structural basis for this permanent damage can be related to
the loss of brain tissue that includes neuronal loss. This loss of
brain tissue could be determined with accurate neurological

imaging as non-invasive methods.

Other factors could impair the neurological function, these may

act synergistically or additively with HE.
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4. Objectives

To describe the neuropsychological outcome in cirrhotic patients

after liver transplantation at short and long-term.

To describe the brain structure and volume in cirrhotic patients

after liver transplantation at short and long-term.

To determine the brain metabolites in cirrhotic patients following
liver transplantation in order to account for the changes induced
by ammonia exposure and relative concentrations of neuronal

metabolites.

To analyze the influence of prior hepatic encephalopathy in

neuropsychological and neuroradiological outcome.

To estimate the effect of other factors that could have an impact
in the postransplant neuropsychological and neuroradiological

evolution.
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5. Patients methods and results

5.1. Study |

Garcia-Martinez R, Rovira A, Alonso J, Aymerich FX, Huerga E, Jacas
C, Simon-Talero M, Vargas V, Cdérdoba J.

A Long-Term Study of Changes in the Volume of Brain Ventricles and
White Matter Lesions After Successful Liver Transplantation

Transplantation ¢ Volume 89, Number 5, March 15, 2010

Comment in;:

Nat Rev Gastroenterol Hepatol. 2010 May;7(5):239.
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CLINICAL AND TRANSLATIONAL RESEARCH

A Long-Term Study of Changes in the Volume of Brain
Ventricles and White Matter Lesions After Successful
Liver Transplantation

Rita Garcia Martinez,"? Alex Rovira,” Juli Alonso,™* F, Xavier Aymerich,” Elena Huerga,” Carlos Jacas>**
Macarena Simdn-Talero,"? Victor Vargas,"** and Juan Cérdoba">**

Background. A prolonged survival in liver transplant recipients due to a better management exposes them to multiple
factors that can impair neurologic function in the long term.

Methods, Twenty-two patients were studied by brain magnetic resonance and completed a neuropsychologic assess-
ment shortly before liver transplant, 6 to 12 months after (short term ), and 6 to 9 years (long term) after liver transplant.
Thirteen healthy controls matched by age were studied in parallel,

Resulrs, An enlargement in the ventricalar size (an indirect measure of brain volume) was observed in the short term
{+8&%%5) and in the long term after liver transplant {+22%}); the size of ventricles was Larger than in healthy controls. In
addition, a progression in the volume of focal T2 white matter kesions (an index of small vessel cerebrovascular disease)
was detected in the long term { +49% ) and was related to vascular risk factors in those with larger increases (> 12.5% per
year). Neuropsychologic function showed a significant improvement after liver transplant and remained stable in the
lang term, cxcept for memory loss in those patients with larger inereases in white matter lesians.

Conclusions, Improvement in neuropsychologic function after successful liver transplant can be demonstrated up to
9 years. However, these patients experience a progressive accumulation of focal T2 brain lesions and show a smaller
brain volume than controls, which can be related to their previous cirrhosis. A good management to minimize brain
injury before transplantation and an accurate treatment of vascular risk factors may be important to prevent conse-
quences on cognitive function,

Keywords: Hepatic encephalopathy, Brain size, Magnetic resonance imaging, Cognitive function, Liver transplanta-

tion, Human.
(Transplantation 2010:8%; 589-594]

he overall goals of liver transplantation (LT} are to pro-

long survival { 1} and improve quality of life (2). This can
be achieved with the recovery of those functions that were
impaired by liver failure and by avoiding complications that
are camsed by transplantation and immunosuppressive ther-
apy. Magnetic resonance (MR) has shown the reversibility of
several abnormalities that are present before LT and have
been linked to hepatic encephalopathy (HE): T1 hyperinten-
sity at basal ganglia (3), T2 hyperintensity along the cortico-
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spinal tract (4}, a decrease in magnetization transfer ratio {5),
and changes in brain metabolites (6). The normalization of
these disturbances has been associated with an improvement
in copnilive fonction. However, neuropsychologic defects
may persist 1o some degree (7, 8).

Mulriple factors may account for neuropsychologic im-
pairment after LT. They include perioperative complications,
the effect of immunosuppression, and possible sequeale of
HE. A high incidence ol severe neurologic complications
(139%—43%) has been described (9, but seems 1o have de-
creased probably duoe toa better postoperative management,
However, the increasing age of subjects who have been trans-
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planted may pose them at sk for long-term nenrologic dis-
turbances. Vascular risk factors are frequent in these subjects
and may have a major impact on nevrologic function, Arte-
rial hypertension is present in up to 75% (10), diabetes mel-
litus in 10%-300% (I1), and hyperlipidemia in 40%-66%,
{ 12}, In addition, some degrée of renal impairment is found
in approximately 80% of recipients (13). It is plausible that
vascular risk factors may cause cerebral small vessel diseass
that can lead to neuronal loss and cognitive decline. The hall-
mark of small vessel disease is the presence of white matter
lesions (WMLs) that may be combined with some degree of
brain atrophy ( 14).

We postulated that the liver fBilure before transplant plus
nenrologic complications during the early postoperative period
and small vessel cerebral disease during the late postoperative
pL"rimJ will cause runjr{:hrg;;lc injury and could resualt in q:ug,ul'liru
impairment in the long term after liver transplant. For this pur-
pose, we assessed neuropsychologic tests, and we applied MR
imaging to determine the volame of lateral ventricles (a reverse
estimate of brain size) ( 15) and the volume of WHILs {an index
of small vessel disease) before LT, during the first vear after LT,
and several vears after LT. Our goal was 1o assess the different
contribution of each period on the neurologic outcome,

PATIENTS AND METHODS

Design

The study consisted in the performance of ME imaging
and a nearopsychologic assessment in 22 patients who under-
went LT between April 1998 and December 2001, The evala-
ation was performed shortly before LT ( 1-2 months), shortly
after LT {6-12 months), and in the long term after LT (6-9
years). This cohort came from a group of 35 patients previ-
onsly incladed in two prospective studies with different ob-
pectives, for which results have been formerly published
(16, I7). The remaining 13 patients could not be included: 10
died in the fllow-up and 3 rejected 1o participate. Thirleen
healthy controls matched by age and gender were studied by
MR imaging in parallel with the patients.

Performance of the study was approved by the Instita-
tiomal Review Board of Hospital Universitari Vall d'Hebron,
and all subjects gave written consent for participation.

Patients

All the participants had cirrhosis withoat clinical evi-
dence of overt HE and were evaluated for LT at our institution
following standard procedures, Patients were informed that
the study was designed to evaluate neurclogic manifestations
refated to cirrhosis and liver transplant and that they would
complete psvchometric tests and undergos brain MR imaging.
Patients with a history of drug abuse, those affected by neu-
rologic or psychiatric diseases, and those receiving medica-
tion known to have significant effects on the central nervous
system were excluded. The study included 22 patients (Table
1). The most common indication for LT was liver failure (17
patients); hepatocellular carcinoma was the indication in five
patients. Four patients were on Child-Pagh stage A, 10 were
on Child-Pagh stage B, and 8 were on Child-Pagh stage C
Mine patients had suffered at least one episode of HE before
LT. At the time of the long-term evaluation, all patients ex-
hibited goodd liver anction, The immunosappression regime
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TRABLE 1. Clinical and biechemical characteristics of
patients at the moment of long-term assessment after liver
transplantation

Long-term post-LT

Age (vr) 6211
Gender

Maleffermale 19/3
Etiology

Viral hepatitis 10

Alcohol &

Viral hepatitis+alcohol 5

Autoimmune hepatitis I
Laboratory test

Creatinine (mg/dL) 1.2740.2

GFE imL/min}” G013

ALT (IU/L) 29(39)

Bilirubin (mg/dL) 0.7 {0.5)

Prothrombin activity (9] 103 (15)
Vascular risk factors (%)

[Habetes mellitos 11 (50

Arterial hypertension 14 (64)

Hyperlipidemia 5(23)

Smoking 11 (500

Measarements are expressed as mean =50 or median (1QR).

“GFR: GFR estimated with the Crockooft-Gault method using body
wieight, height, age, gerder, and creatinine.

LT, liver transplantation: GFE, glomerular filiration rate; ALT, alanine
amiflransferase,

was based on tacrolimus therapy in monotheraphy (n=15) or
in association with mycophenolate mofetil (n=6) or with
sirolimus (n=1). Before transplantation, five paticnts had di-
abetes mellitus, and three patients had arterial hypertension
that persisted after LT. In addition, after LT, six P.'IIIH.'IIIZH- de-
vieloped de novo diabetes mellitus and 11 patients had arterial
hypertension (Table 1). None of the patients have experienced
neurodogic complications (e.g., encephalopathy, stroke, and sei-
eares) during the postoperative period, neither before the
short-term nor the long-term assessment.

MR Imaging

Brain MR imaging was obtained with a 15T Magneton
Vision-plus superconductive magnet (Siemens, Erlangen, Ger-
many) using a quadratore transmitfreceive head coil (Fig. 1),
The MR protocol included the following palse sequences: trans-
verse T2-weighted fast spin-echo (3000/85/2 =repetition time/
echo time/acquisitions), st Muid-attenuated inversion recovery
(FLAIR) (9900711025000 1 =repetition limefecho timefinver-
sion timefacquisitions), and T -weighted spin-echo (600 15/2).
The sequences were registered wsing the following parameters:
section thickness 5 mm, interleaved imaging mode, infersection
gap 1.5 mm, pixel sige ol approximately 11 mm, and acquisi-
tion matrix 2563256 mm.

All fast-FLAIR images obtained in the baseling and
folbowe-up scans were transterred toa Sun Ultra 10 Workstation
{5un Microsystems Inc., Palo Alto, CA) o calcalate T2 WML
volume. Lesions were marked on the fast-FLAIR hard copies
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FIGURE 1. Brain fast MOuid-
afteniated inversion recovery
(fop) and Tl-weighted (botiom)
iransversal images of a patient
before liver transplantation (LT;
lefly, at shart tarm (cenlér), and at
lang term (righi) after LT. The im-
age shoWws changes in the val-
ume of white matter lesions (lop):
a decreass in the short term and
an increase in the long term after
LT and an enlargement of veniri-
cles (boliom) in the consecutives
ABEEEETHENIS.

by the same nenroradiologist, Only focal WMLs located in the
brain hemispheres and with a minimum size of 3 mm were
considered for the volume measurement. A single rater (E.FL)
previously trained 1o ensure a high level of reproducibilicy
performed the T2 WML analysis as follows: (1) the hard cop
ies with all lesions outlined were placed alongside the identi-
cal computer-generated image: (2) all lkesions marked on the
hard copies were outlined on the computer image using
a semiawtomatic local thresholding contour technigue
(DISPImage program, Dave Plummer, London, UK}, or in
case, if the lesion conld not be oatlined satisfactorily with this
approach, a manual outlining was performed; (3) then, a
computer program added ap the individoal lesion volumes,
and a final T2 WML volume was obtained. Follow-up s¢ans
were assessed by the same rater who calcalated the baseline T2
WML Tl-weighted spin-echo images were used to calculate
the volume of lateral ventricles with the procedure described
for WML volume determination by the same trained rater.
The rater was not blinded for the date of examination, but she
wis not aware of the aim of the study and of the clinical and
nenropsychologic conditions of the patients,

Neurologic Assessment

AL the time of assessment, patients were perfectly alert,
without Mapping tremor, and were oriented in space, person,
and time, In all of them, the nedrologic examination was
considered normal. The patients completed a neuropsycho-
logic test battery that included: Trail Making test (part A).
Symbol Dgits (oral version), Groeoved Pegboard test (domi-
mant and nondominant hand), Anditory Yerbal Learning
test, Judgment of Ling Orientation test, Hooper test of visual
organization, and Controlled Oral Word Association test.
The scores of each test were transformed into T-values with
the aid of metanorms adjusted by age, gender, and ages of
education. T-values were calculated according to the formula
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Te=50410([x=x,|/50,), where x represents the raw result of
the test, X, represents the mean value, and 5Dy, represents the
standard deviation value for the test in the normal popuala-
tion. The scores of the different tests were grouped into in-
dexes of memory [(Auditory Verbal Learning), attention
(Trail A, Symbol Digit), executive function (Controlled Oral
Waord Association test), psychomotor function (Grooved
Pegboard}), and visuoperceptive fanction (Judgment of Line
Oirientation test and Hooper Test). An overall score was cal-
culated as the average of all the tests. Impairment was defined
as a T-value 30 to 400 (mild], 20 to 29 {moderate), and less
than 20 (severe) according to standard proceedings.

Statistical Analysis

Results are expressed as mean=standard deviation or
median (interquartile range), it not expressed otherwise, De-
pending on the behavior of the variables, parametric or non-
parametric tests were applied to study the differences between
groups of patients (student’s r test or the Mann-Whitney
Rank Sum test) and 1o study the intrasubject differences
{paired student’s ¢ test or Wilcoxon signed-rank test). A chi-
siuare test or the Fisher's exact test was used to study the
existence of significant dilferences between nominal vari-
ables. Finally, Pearson’s or Spearman’s correlation coefficient
test was applied to study correlations among variables.
A P value less than 0.05 was considered statistically signifi-
cant. The statistical calculations were performed with SPSS
15.0 software (5155, Chicago, [L}.

RESULTS
Magnetic Resonance

Basecline Assessmend
The volume of ventricles { 22.3 | 20.9] mL) showed high
variability with i.iry,-_' range of measures (minimal: 11.5 mlL,
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maximal: 54.7 mL) and was related to the age of patients
{r=0,4673, P=0,001). WMLs were present in 16 patients
{ 76% ), who were significantly older than those without WML
(5829 vs, 45212 years, P=0.0012). There were no associations
between clinical parameters (gender, etiology of cirrhosis, Child-
Pugh stage, and prior HE) with the volume of ventricles or the
presence of WML

Short-Term Assessment

The median volame of ventricles increased to 254
(24.5) mL {+8&%), and the median volume of WML de-
creased to 0.7 (0.9) mL ( = 199%) (Fig. 2). Changes in the vol-
ume of ventricles did not relate to clinical parameters, How-
ever, the decrease in WML was more pronounced in those
with HE before LT (= 37.8% vs, = 25495, P=0.05: Fig. 3).

Long-Term Assessment

The median volume of ventricles increased to 50,4
{30.9) mL {+22% compared with short term) and the me-
dian volume of WML 10 1.4 (L9) ml {+49% compared 1w
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FIGURE 2. Change in the velume of ventricles. fin en-
largement in the volume of veniricles was decumented in
the short and long term after liver transplant (**P<0.01).
The volume of ventricles was higher in patients than in con-
trols (*P<0.05).
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FIGURE 3. Changes in the volume of white matter le-
sions (WML). At baseline: WML were higher in patients
than in contrals (*P=0.05). Short term after liver transplan-
tation (LT): WML decreased compared with baseline
{—18%, ¥*P=0.01) but was higher than controls at baseline
{(P=0.03). Long term after LT: WML increased compared
to short term (+49%, **P<0.01). Healthy controls did
not show significant changes between long term and
baseline.
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short term) (Fig. 2). None of the patients without WML be-
fore LT developed new WML after LT, The increase in the
volume of WML from short-term to long-term assessméent
was not directly related to the presence of arterial hyvperten-
sion, diabetes mellitns, or creatinine levels. However, three of
those four patients with an increase of WML maore than
12.5% per year (above percentile 75) had arterial hyperien-
sion, diabetes mellitus, and renal impairment (creatinine
= 1.4 mg/dL), whereas the coexistence of these three factors
was only present in 2 of those 12 patients with an increase in
WML lower than 12.5% per vear (P=0.06; Fig. 3).

Healthy Controls

The volume of ventricles was lower in controls compared
with patients in the baseline assessment (15.1 [11.8] mL) and
experienced an increase to 18.2 (17.1) mL { + 15%:) in the long
termy, that was still lower than patients (Fig. 2). WML were
present in seven subjects { 54%) and had a madian volume of (.3
(0.6) mL. This volume was lower than in patients assessed before
LT (P=0,018) and in the short term after LT (P=0.03). The
median vohame of WML in the long term (007 | 1.3] mL) did nm
experience significant statistical changes (Fig. 3). Those healthy
controls without baseling WML did not develop new lesions
(Figs. 2 and 3},

Neuropsychologic Tests
Before LT

Several cognitive domains (Fig. 4) were impaired (T-
vitllues <40, Global cognitive fanction (an average of all do-
mains) was worse in the nine patients that had experienced
HE before LT (3726 vs, 4427, P=0.041).

After LT

Cognitive function experienced a significant improve-
ment (Fig. 4). The raw results of the neuropsychologic tests
were worst in the long-term assessment (data not shown).
However, these differences can be attrilmtable to age, because
there were no differences in the T-values (age-adjusted re-
sults) of the newropsychologic tests between the short-term
and the long-term assessment, Neuropsychologic tests after LT

Atharliml
Exacutive Fx
Motor Fx|
Visuospatkal

FIGURE 4. Changes in neuropsychologic tests grouped
by domains. Before liver transplant, the mean T-values
were mildly impaired (between 30 and 40) for memory,
attention, and motor function. T-values after liver transplant
were significantly different from pretransplant assessment
for all domains (P<<0.05). There were no significant differ-
ances between short-term and long-term assessment.
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FIGUBE 5. Cognitive functicn in the long-term evalua-
tion in relation to the progression of white matter lesion
{(WHML). A significant decrease in the memory index was
observed in the group of patients with larger increase in
WL (*P=0.05).

did not relate to clinical parameters before LT { Child-Pugh, HE)
or after LT (laboratory tests, dose of immunosupressors),

Relationship Between MR and Neuropsycholegic
Tests

The volume of ventricles did not relate to neuropsycho-
logic results at baseline, short-term, or long-term assessment.
Patients with or without WML did not differ in the results of
the nearopsychologic tests at baseline or after LT, In those
with WML, there was an association between the decrease in
the volume of WML and the improvement of several neuro-
psychologic parameters in the short-term assessment: atten-
tion (r=—0.57, P=0.005), executive function (r=-—10.5s,
P=0,007), motor unction (r==0,61, F=003), and global
cognitive anction (r= = 0,60, P=0.005], In the long-term as-
sessment, the subgroup of patients with a larger degree of
progression of WML (>12.5% per yvear) showed a worse
memory index (40%5 vs, 4856, F=0.015) than those with a
smialler degree of progression (Fig. 5).

DISCUSSION

This study shows that in the long term after successtul
LT, despite an increase in the volume of ventricles and in
WhLs, patients exhibit a good cognitive oulcome. LT imi-
proved neuropsychologic function, which remained stable up
to 9 years after the intervention. However, the progressive
increase in the volume of ventricles and in WMLs can lead to
cognitive disturbances that may become more evident with
an extended follow-up or in larger cohorts,

Two-dimensional measurement of veniricular size
could be used in the absence of hydrocephalus as an indirect
measure of brain valume ( 15). T2 WML likely represents ar-
eas of demyelination, gliosis, and loss of axons secondary 1o
damage of small vessels ( [8). Aging is associated with an in-
crease in the volume of ventricles and WML, Larger increases
im both, volume of ventricles (19) and in WML (20, 21}, in-
dicate nenrologic damage and are closely associated with the
development of mild cognitive impairment and dementia
{22, 23). Yascular risk Ractors aggravate the progression of
WML that could be stabilized with appropriate treatment
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(241, Our results indicate that the most important factors that
determine the outcome bevond the first year are age and
prabably, vascular-induced injury. We observed that those
four patients with the most significant progression of WML
presented several vascular risk factors and a deterioration of
memory in the long term. These resalts highlight the impor-
tance of controlling vascular risk factors, which are responsi-
ble for an important burden of morbidity in the long term for
transplanted patients.

Several studies have shown an improvement of cogni-
tive function during the first year after liver transplant
{ 25, 26), but few studies have assessed the outcome in the long
term. The available data suggest that the improvement
achieved during the first year may not be complete and may
persist beyond this period (27). One study performed 10 vears
afier liver transplant found significant cognitive dysfunction
and worse than normal health-related quality of lite in 12
subjects (28], with a pattern of dysfunction that was similar to
what has been described shortly after transplant, Our data are
in accordance with the notion that cognitive function does
not improve and can worsen beyond the first vear of follow-
up. We observed (using T-values which adjust results by age)
the same profile of neuropsychologic fanction in the short
and in the long term after transplant. On average, the neuro-
psvchologic performance was within the range of normal val-
uies, bt two patients who did not return to normal persisted
mildly impaired at long term (T-values of global cognitive
function between 35 and 407,

Short-term cognitive fanction outcomes depend on the
correction of factors that are present before liver transplant.
We observed an increase in the volume of ventricles and a
decrease in WML shortly after liver transplant. These changes
were related to an improvement of neuropsychologic func-
tiom and were more pronounced in patients with prior epi-
sodes of HE. The better explanation is that the improvement
of liver function reverses low-grade brain edema (29). We
have previously shown a decrease in the volume of WML in
association with an improvement of cognitive function after
episodic HE and after LT (30, 31). The increase in the volume
of ventricles found in this study gives farther support o this
hypothesis, Similar changes in ventricular volume using MR
have been described in relation to the evolation of HE in a
group of nine patients { 32).

Brain sizge and cognitive function shortly after trans-
plant can be considered as the neurologic status in cirthosis
after correction of the metabolic disturbances caused by min-
imal HE. We observed that at such time, the volume of ven-
tricles was approximately 8% larger in cirrhotic patients
than in controls. These resulis, which are in accordance with
prior studies using computed tomography (33, 34) and MEI
(35}, indicate that cirrhosis is associated with loss of brain
parenchyma, which indeed may be difficult to diagnose due
to low-grade brain edeny.

The mechanisms that are responsible for the loss of
brain parenchyma in cirrhosis are nol clear. Alcohol con-
sumplion causes a dose-related decrease in brain size that is
ageravated by nutritional status and can at least partially re-
verse with abstinence (36). Neuropathology studies in alco-
holics have shown farther degrees of brain atrophy in those
with cirrhosis (37, indicating that neuronal loss may be di-
rectly related to liver failure. The decrease in brain size may be
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cansed by substances that are involved in the pathogenesis of
HE (38). Brain atrophy is common in patients with persistent
HE {39) and may cause postiransplant cognitive impairment.
We could not find an association between brain size, alcohol
consumption, and prior HE. However, our cohort {which
was refatively small) presented a wide range of ages, which
was the most important factor determining brain size,

In summary, brain size decreases after liver transplant
due to the resolution of low-grade brain edema and is lower
than normal due to brain atrophy associated with cirrhosis,
The cognitive function can be inlluenced by pretransplant
factors, such as alcohol or encephalopathy, but in our study,
the posttransplant outcome was good. The decrease in brain
size persists in the long term and may be apgravated by aging-
refated factors that induce WML A major goal after success-
ful liver transplant is the prevention of these neurologic
disturbances, which may be achieved with adequale con-
trol of vascular risk fctors.
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TRANSPLANTATION

Long-term changes in brain volume and coghnitive

function after liver transplantation

HIGHLIGHTS

iver transplantation has a
Lhn:m:ﬁc ial effect on cognitive
function in patients with cirrhosis,
according to the results of a recent study
investigating the long-term effects of
liver transplantation on brain volume and
newrologic function,

It is well established that liver
transplantation improves survival and
quality of life i patients with end-stage
liver discase. Previoos studies have
demonstrated that low-grade brain
edemia and other abnormalities linked
with hepatic encephalopathy normalise
after liver transplantation, with an
associsted improvement in cognitive
function in the short term. “However,
persistent cognitive deficits have been
documented in patients with cirrhosis
after liver transplantation,” notes fuan
Cordoba, one of the authors of the
study. “On the other hand, some degree
of brain atrophy has been reported in
neurorad lological studies in patients with
cirrhosis—even in those without a history
of alcohol abuse”

These data led Cordoba and colleagues
to wonder whether cirrhosis and hepatic
encephatopathy could lead to permanent
sequelae after liver transplantation. The
authors also hypothesized that vascular
risk factors (including hypertension,
diabetes mellitus and hyperlipidemia)
could cause small vessel cerebrovascular
disease, potentially leading to newralogic
injury in the long term, “We wanted (o
determine short-term and long-lerm
neurclogical outcomes in a cohort of
liver transplant recipients,” explains
Cordoba. As such, the authors believe
that their study is the first long-term
neuroradiological study in a group of liver
transplant patients.

All 22 patients enrolled in the study
had cirrhosis and underwent liver
transplantation between 1998 and 2001.
MRI was used to determine the volume
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of lateral ventricles {an indirect and
inverse measure of brain volume)

and the volume of white matter lesions
{am indirect index of small vessel
cerchrovascular disease). In addition,
patients underwent a neuropsychological
assessment to test memaory, attention,
executive function {that is, cogmitive
control), psychomotor function and
visnoperceptive function.

Patients were evaluated at baseline
{1-2 months before transplantation ),
shortly after transplantation
{6=12 months) and in the long term after
transplantation (6-% vears). 13 healthy
controls matched by age and gender were
also included in the study.

An increase in ventricular volume
was observed in the short term and long
term after liver transplantation, and the
size of ventricles was larger in patients
who underwent transplantation than in
healthy controls. The volume of white
matter lesions decreased in the short tem

but increased in the long term in patients
who underwent liver transplantation.
Cognitive function improved in the

long term after liver transplantation,
There was no relationship between

the volume of ventricles or presence

of white matter lesions and
nearopsychological assessment,

“Liver transplantation has a beneficial
effect on cognitive function in patients
with cierhosis, an effect that persists
for many years,” the authors conclude.
"Howeser, cirrhosis s sssociated with
some degree of brain atrophy that persists
after liver transplantation and that may be
indicative of an irreversible deterioration
secondary o liver failure”

According 1o Cordoba, another
important finding is that "the brain ages
mare rapidly after liver transplantation,
probably in proportion to vascular risk
factors in this population”

The authers plan to conduct further
studies to investigate the long-term
effects of hepatic encephalopathy
and confirm the presence of brain
atrophy in patients with cirrhosis,

“The relationship between episodes of
hepatic encephalopathy and persistent
neurological damage (brain atrophy
and loss of newrological abilities) may
have important implications, especially
in patients with other neurological
comarbidities and patients awaiting
liver transplantation,” says Cordoba,
The avthors suggest that attempls to
minimize brain injury and vascular risk
factors before transplantation could help
to prevent neurologic impairment after
transplantation.
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Hepatic Encephalopathy Is Associated With Posttrasplant Cognitive
Function and Brain Volume
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ORIGINAL ARTICLE

Hepatic Encephalopathy Is Associated With
Postransplant Cognitive Function and
Brain Volume

Rita Garcia-Martinez,'* Alex Rovira,” Juli Alonso,”” Carlos Jacas,'** Macarena Simén-Talero,'*
Laia Chavarria,'** Victor Vargas,'“* and Juan Cordoba'

Nintemal Medicing Hepatology Senice. 2Mognetic Resonance Unit (1.0.1). Department of Radiclogy. and
INauropsychology Unit, Psychiatre Service. Hospital Universitar Vall o Hebron, Barcelona, Spain;
‘Department of Medicine. Universitat Autdnoma de Barcelona, Barcelona. Spain: *Centro de
invastigacidn Blomadica en Red de Enfermedades Hepdficas y Digestivas (CIBEREHD), Instiftuto o Safud
Carlos i, Maodrid, Spain

Hepatic encephalopathy (HE) is @ common complication of cirrhosis that is associated with brain atrophy and may partici-
pale in impaired cognitive funclion afler liver transplantation. This sludy analyzes the relationship of HE with cognitive func-
tion and brain volume alter ransplantation. A total of 52 conseculive patients with cirhosis (24 alcohol abuse, 24 prior HE,
14 diabeles mellitus) completed a neuropsychological assessmant before liver transplantalion and again, & to 12 months af-
ter transplantation. In 24 patients whe underwent the postiransplant assessment, magnetic resonance imaging was per-
formed in addition, with measuremeant of brain volume and relative concentration of A-acelylaspariate (NAA) and creatine/
phosphocreatine [Cr), a neurcnal marker, by magnetic resonance spaclroscopy. Neuropsychological assessment prior o
transplantation identified minimal HE in 28 patients. All cognitive indexes improved afler iver transplantation, but 7 patients
(13%) showed persistamt mild cognitive impairment. Global cognitive function after transplantation was poorer in patients
with the following variables before liver transplantation: alcohol eticlogy, diabetes melitus, and HE. Brain volume after trans-
plantation was smaller in patients with prior HE. Brain volume commelated to NAACr values (r = 0.498, P = 0.013) and poor
molor function (r = 0.41, P = 0.048). In conclusion, the association of HE with cognitive function and brain volume suggasts
thal having experienced HE before liver framsplantation impairs the postiransplantation neurclogical outcome. Liver
Transpl 17:38-46, 2011, ¢ 2011 AASLD.

Recaived May 31, 2010; accepted September 23, 2010.

Liver transplant candidates often exhibil cognitive
disturbances, which are related to the effects of liver
fatlure, the etology of Uver disease (eg. aleoholism),
complications of cirrhosis (eg, hyponatremia), and
extrabepatic comorbidities (eg, cerebrovascular dis-
ease].! The mosl common cause of cognitive impair-

ment appears to be minimal hepatic encephalopathy
[HE}. which is secondary to liver failure and shares
the same pathogente mechanism as overt HE. Liver
transplantation (LT) restores liver function and results
in an improvement of minimal HE.* However, it is
unclear whether minimal HE is fully reversible or

the: rewlplent of grant CMOT (00108,

DO 10, 1002M 22187
View this article onling at wilyoniineibrany.com.

Abbreviations: AVL, audiiory verbal learning test; Cho, rmunr-ml.u.mm%{mn
test; Cr, creatine/phosphocreatine; Glu, glutamate; Gln,  glutumine;

orieniation fesi; LT, Hoer lnm‘pl;tnlnlll:ln; MELDy, Moxhe] for Eru!-fihlgr Liver Disease; mins,
NAA. N-acetvlaspariaie: NPS. neuropsyeholofical: NS, nol significant: 50, standard deviation: TE. echu Ume: TH. repetition time.

This project was funded by granis FIS 05/0226 and 07/0641. CIBERehd is supporied by Insiiiuto de Salud Carlos 1. R.G.-M. is

Addrese reprint requests o Juan Cordoba, M.D., Servel de Madicing Interna-Hepatologia, Hospital
debron 119-124, Barcelona 08035, Spain. Telephone: 0034832 T46140; FAX: 0034832746068, E-mail: joordoba & vhetnon, not

LIVER TRANSPLANTATION.CROf 1070020, Published on behalf of the Amardcan Associabon for the Siudy of Liver Diseases

unds: COWAT, comtrolled oml wond association
E, hepatic encephalopathy: JLO, judgmsent of lne
pinosiiod; MR, rnngnrl:l-r TESOTIATHE,

General Universitan Van d'Hebron, Pg. Vall

© 2011 American Association for the Study of Liver Diseases.

Page 55




Patients methods and results

LIVER THRANSPLANTATION, Val. 17, No. 1, 20011

GARCIA-MARTINEZ ET AL. 39

persists to some degree after LT.” Most studies that
have speciiically investigated the persistence of cogni-
tive deficits In this population Include a small group
of |'.l=1'rulm'1t=i“I or assess neurcpsychological performance
only in the post-LT period.®

Neuroimaging studies in diseases characierized by
cognitive decline have demonstrated structural dam-
age at different levels, thereby providing a structural
basis for neuropsychological disturbances, In trans.
plant reciplents, prospective studies have shown resolu-
ton of neuroimaging abnormalities related o HE. Mag-
netie resanance [MR) imagding in patients with cirrhosls
commonly deplets a high signal intensity on Ty-weighted
images in the basal ganglia amd a high signal intensity
on Tg-welghted images along the corticospinal tract,
both these abnormalitles normallze within 1 year after
LT.%" This outcome relates {o the Improvement in cogni-
thve function, suggesting a common pathogenic mecha-
nism. Neuropathological studies have documented hrain
atrophy in cirrhosis.” which has been corroborated
in vive using camputed anﬁmph}r." However. the out-
come of brain volume after LT has nol been studied
in depth. in pan because of methodological difficulties,
In a previous study, we observed that the size of brain
venitricles in patients with cirrhosis after LT was larger
than in controls, supporting the notion thal crhosis
may cause a decrease in the stze of the brain that per-
sists after LT.""

A recent study in patients with cirrhosis who under-
wenl prospective assessmenl of codnitive function
showed a decline in neuropsychological function fol-
lowing episodes of HE.'' This finding is consistent
with demonstration of poorer neuropsychological
scores in LT recipients who had previous episodes of
HE." These observations are the basis for the proposal
that the lesion caused by HE has a metabolic compo-
nent that reverses with improvement of liver fallure
and a structural component that persists regardless
of the outcome of liver functlon. For this reason, we
designed a prospective study to investigate the effect
of previous HE episodes on the neuropsychological
outcome following LT, In addition. we determined
whether HE might have caused a loss of neuronal tis-
sue in a subgroup of these patients by measuring the
following after LT: brain volume by MR imaging using
the SIENAX (structural image evaluation using nor-
malization of atrophy) method, and the relative con-
centration of N-acetylaspartate [NAA), considered to
be a neuronal marker, by MR spectroscopy.

PATIENTS AND METHODS
Design

This study consisted of prospective assessment of
neuropsychological function before and after LT. Con-
secutive outpatients on the transplant waiting  list
bBetween March 2004 and October 2007 were assessecd
within 2 menths of LT and again 6 to 12 months after
LT. After March 2006, patients who underwent post-
LT neuropsychological assessment were examined by
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MH of the brain. The study was approved by the Inst-
tutional Review Board of Hospital Universitari Vall
d'Hebron, and all patents gave written consent for
participation.

Patients

All participants had eirrhosis and were evaluated for
LT at our institution following standard procedures,
At the time of the first assessment, they were on the
waiting list and had no evidence of overt HE. A total
of 70 patients were inttially selected, of which 11 died
during the first year after LT and 7 declined to partici-
pate. Thus, 52 patients completed the neuropsycho-
lngical assesament [pre-LT and post-LT) and 24 of
them underwent MR examination (post-LT).

In the clinical protocol, the history and complica-
tions of cirrhosis were recorded before LT, and the
clinical outcame after LT. To assess the effect of previ-
ous HE on the post-LT cognltive function, the follow-
ing variables were recorded: number of episodes of
overt HE, time to LT since first episode of overt HE,
and maximal severity of HE (West Haven 1-11 or IH-IV).
These data were obtalned from the patients’ medical
reconds. which are systematically incorporated in the
liver transplant unit database, Most patients included
i the study had been regularly seen in our hospital
sinee the first manifestation of liver disease. In the
few cases of patients who went to other centers for
eplsodes of decompensation, the information was
obilained from their clinical documents. In all cases,
the accuracy of the data was confirmed by the
patients and their relatives. The clinical characteris-
ties of the patienis are summarized in Table 1. The
majority experienced complications of cirrhosis before
LT (79 ascites, 31% bleeding secondary to portal
hypertension): approximately one-fourth (27%) had di-
abetes mellitus before LT. The indication for LT was
end-stage liver disease In 39 patlenis and hepatocel-
lular carcinoma associated with eirrhosis in 13
patients. During the postoperative period, 4 patients
experienced major neurological complications, Two of
them died {1 cerebrovascular hemorrhage, 1 Ischemic-
hypoxic encephalopathyl; the other 2 patients (1 sei-
sure, 1 gaseous embolism) recovered well and were
reassessed in the second study. Patients who com-
pleted the post-LT evaluation had good liver function
[alanine aminotransferase = 41 = 50 IU/L, billrubin
= 0.6 = 0.4 mg/dL. albumin = 4.01 = 0.5 mg/dL)
and normal ereatinine (1.3 = 0.4 mg/dL). Immuno-
suppression at the time of the second study consisted
of tacrolimus given as monotherapy (n = 25) or in
association with mofetil mycophenolate [n = 20] or
inhibitors of mammalian target of mapamycin (n = &)
1 patient was treated with eyclosporine associated
with moefet]l mycophenolate.

Neuropsychological Assessment

At the tme of the neuropsychological evaluation.
patients were perfectly alert, showed no flapping




Patients methods and results

40 GARCIA-MARTINEZ ET AL.

LIVER TRANSPLANTATION, Jamuary 2011

TABLE 1. Clinical and Biochemical Characteristics of
Paticuis
NPS MR
Characteristics Study Study
Demographics
Number of subjects 652 24
Age [years] 54 = 10 B4 =0
Male ffemale B1%,/19% TH%,25%
Extnlogy
Viral 25 [415% 13 [54%)
Alcahol 24 (A5 B [S55)
Dihers & (5 3 [15%)
Abstinence prior to LT 24 [B-192) 12 [8-51)
[months rangel)
HE
Prior to LT [episodic HE] 34 [46%) 12 (500
Number of episodes L.1=1.7 14 =2
Time from first cpiande 22 =33 2W*20
to LT (months)
Muaximal severity 20 (3% 11 (929%)
grade I-11
Maximal severity 4 [17%) 1 (=%
grade M-IV
Minimal HE
[pre-LT neuropsychological 28 (54%) 11 [4694)
assessment)
Blochemical pammeters belore LT
Bilirubin (mg/dL) Jbh =3 3.7 = 4
Alturmin (gL 2808 3.1=x05
Creatinine (mg/dL) 1=04 0003
Prothrombin activity [96) 56 + 18 58 + 18
Soalluem (mg/ el 135+ 5 136 = 4
MELID 1726 1726
Values in mean = 50 or n (%),
*In 8 of them cocxdsting with hepatitis C.

tremor, and were orlented in space. person. and time,
That is. none of them exhibited signs of overt HE. The
battery of neuropsychological tests used included the
fial Inw:ln.g'-":

Audiiory Verbal Learning (AVL):

A memory test consisting of 5 presentations of a 15-word
list, one presentation of a second 15-word list, a sixth
recall trial after Interference, and a 20-minute delayed
recall of the first list. The score for each trial s the num-
ber of words comrectly recalled, The test generales several
indexes that are averaged in a memory ndex.

Trail-Making Test (Part A):

An attention test, in which the subject must draw lines
to consecutively connect 23 numbered circles, The
score is the time in seconds required to finish the test.

Symbaol Digil Modalities Test (Oral Version):

An attentional and speed-ol-information-processing
test that consists of a serles of rows containing sym-
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bols that should be paired Lo assigned numbers from
1 to 8 acconding to a written ecode, The score is the
number of correct assignations in 90 seconds.

Grooved Pegboard:

A maotor test, consisting of a small board econtaining
slotted holes angled In different directions. Each peg
has a ridge along one side requiring it to be rotated
into position for correct insertion. The score s the
time to completion in seconds with the dominant and
nondominant hand.

Controlled Oral Word Association Test (COWAT):

A language and executlve function test conslsting of
three phonemic letter-naming trials. The examiner
asks subjects to say as many words as they can in 1
minute beginning with a ghven letter (for example: F,
A, 5). The score is the sum of all acceptable words,

Hoaper Visual Organization Test:

A visual and executive test of perceptual organization
containing a serles of more or less readily recogniz-
able pictures of cut-up objects that should be identi-
fied by the subject. The total number of ltems is 30
[maximum score).

Judgment of Line Orientation (JLOJ:

A visuo-perceptual organization test that examines
the ability to estimate angular relationships between
line segments by visually matching angled line pairs
to 11 numbered segments forming a semicirele. The
score refers to the number of line pairs correctly
maitched.

The scores for each test were transformed into T
values, calculaied using the formula T = 50 + 10
(lx = 2,1/SDy,). in which x is the raw result of the test.
X, Is the mean value, and SDy, the standard deviation
(S of the test in the normal population. Normal val-
ues were oblained from Spanish population data,
adjusted by age, sex, and years of education [catego-
rized into levels: O = <1 year; 1 = 2-3 years; 2 = 4-7
years; 3 = 8-9 years; 4 = 10-11 years; 5 = =11 years).
The test scores were grouped Into Indexes of memory
(AVL). attention (Trail A. Symbol Digit), executive
function ([COWAT). psychomotor function [(Grooved
Peghoard], and visuo-perceptive function [JLO, Hoo-
per Test). An overall score [overall cognitive Index)
was calculated as the average of all the tests. The def-
inftion of Impalrment was based on the followlng
T wvalues: 30-40 (mild). 20-289 (moderate). and <20
[severe), according to standard procedures,

Minimal HE was diagnosed in patients with eirrho-
sis in the pre-LT examination. The diagnosis was
defined by the présence of 2 or more Impaired cogni-
tlve indexes [<40) in the absence of a known cause of
impairment, with a normal neurological examina-
tHon. ' Cwvert eplsedic HE was defined as the develop-
ment of confusional syndrome attributable to liver
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faflure In the absence of an alternative diagnosis. 14
Cognitive impairment alter LT was based on an over-
all cognitive function score <40.

MR Imaging

MR studies were performed in 24 patients, 6 to 12
months after LT, on a 1L.5-T Symphony Quantum
Maestro Class system [Slemens, Erlangen, Germany)
equipped with a circular polarized receiver head armay
codl, with the body coll acting as transmitter. The MR
protocal ineluded aequisition of proton density and
Ta-weighted fast spin-echo (repetition time [TR]/echo
time [TE]/echo train length/acquisiions = 3550 ms/
14-86 ms/5/1) and Ty-welghted spin-echo [TR/TE/
acquisitions = 650 ms/17 ms/1) Images. A total of
46 contiguous transverse slices with a thickness of
3 mm. a 3/4 rectangular field of view of 250 mm, and
an acquisition matrix of 256 mm =« 256 mm were
used to record images.

Brain tissue volume, normalized for subject head
size, was estimated with SIENAX,'® a part of the F5L
(Ondord Centre for Functional MRI of the Brain [FMRIE)
Software Llhmr:.r}""' from T;-welghted images. Normal-
fred brain volume values are expressed in milliliters,

The ["HIMR spectroscopy was performed from a vol-
ume of interest localized at the pariete-oceipital region
and defined by a cube of 2-cm side containing mainly
white matter. A 90°-180°-180° spin-echo-based pulse
sequence was used [1600/30 = TR/TE). For water
suppression, a chemical shift selecﬂ'.'e gaussian pulse
was applied. A total of 1024 data points were collected
over a spectral width of 1000 Hz. Four dummy scans
plus 128 acquisitions were accumulated for each spec-
trum. Spectrum analysis was performed using the
LCModel, a user-independent fitting routine, which is
based on a library of model spectra of Individual
metabolites.'” Measurements were performed at the
following resonances: N-acetylaspartate (NAA), glata-
mine (Gln), ghutamate (Glu), creatinefphosphocreatine
(Cr), choline-containing compounds (Chol), and myo-
inositol (mins). Results are expressed as metabolite
ratios with respect to the Cr resonance. lmages werne
asseszed by two neurcradiclogists (AR, JA), who
were blinded to the newropsyehologieal test results.

Statistical Analysis

Continuous variables are reported as the mean = SD
or median (interguartile range). The chi-square test or
Fisher's exact lests were used to study the existence
of significant differences between nominal variables.
Mormality of continuous variables was explored using
the Shapiro-Wilk Test. Depending on the distribution
of the variables, parametric or nonparametric lesis
were applied to study the between-group [Student
t test or Mann-Whitney rank-sum test) or within-sub-
Jeet [t test for paired samples or Wilecoxon test) differ-
ences. Comparisons among 3 or more indspendent
groups were performed with l-way analysis of var-
lance. and the Bonferron! correction was applled in
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the post hoe analysis of normally distributed continu-
ous variables with equal varances. The Pearson or
Spearman correlation coefficlent test was applied w
study correlations between variables. Linear trends
were determined with the polynomial linear term or
donckheere-Terpstra test when the independent vari-
able was ordinal. Linear multiple regression analysis
was used o identify those factors (le, cognitive risk
factors: those pretransplant factors that were associ-
aled with posttransplant cognition) that were inde-
pendently associated with the quantitative variables
of interest (ie, global cognitive function). The criterion
used to select the final model was higher R with
lower Mallow's Cp."™ " The B coefficient for each vari-
able that remalns In the final model represents the
standardized coefficient (beta). A P value =0.05 with
correction for multiple testing, il applicable, was con-
sidered statistically significant. Collinearity between
variables was examined by estimating tolemnee and
the vartance Inflation factor: varlables with problems
were excluded. Statistical calculations were performed
with SP55, version 15.0 [SPS5 Inc., Chicago, IL).

RESULTS
Cognitive Function

Before LT, patients exhibited several disturbances in
cognitive function, but these were not obvious on clini-
cal examination. None of the patients showed chronie,
overt HE. Three neuropsychological indexes (memory.
attention, and motor function] showed mild impairment
(Fig. 1). and 28 patients (529 were diagnosed with
minimal HE, Pauents who had minimal HE had poorer
liver function and were more likely to have experienced
previous HE than those who did not (Table 2.

After LT, all the neuropsychaological indexes showed
a significant improvement. with an Iincrease in the
flobal cognitive function score from 42 = 8 to 49 = 6.
The degree of improvement in global function was
higher in patients who had episodes of HE and ascites
before LT, and correlated with the alterations in bili-
rubin, albumin, prothrombin activity, and sodium,
and the Model for End-Stage Liver Disease (MELD)
score results (Table 3). There was no association
between the cognltive test scores and the time since
LT. The multivarate analysis—including the following
variables: prior HE, ascites. billrubin, albumin, pro-
thrombin actvity, sodium, and MELD score (Table
J3)—found that the best explicative model for the
improvement in global cognitive function (B* = 0.376,
Cp = 2,95, P < 0.001) was assoclated with previous
HE (B = 0.28), serum sodium concentration (B =
~-0.32), and prothrombin activity (B = -0.249],

In the post-LT evaluation. the average scores for the
different indexes were within normal values (T values
=40 and <=60) (Fig. 1). However. 7 patients [13%])
exhibited mild cognitive impairment [global cognitive
funetion <40). The elinical and blochemical character-
istics of this patient subgroup before and after LT are
summarized In Table 4. Analysis of peritransplantation
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conditdons, post-LT Infection. and effect of Immuno-
suppressive dmugs (including shifis in serum sodium
or tacrolimus levels alter transplantation) showed no
impact of these factors on post-LT cognitive function.
Global cognitive function was poorer in patients with a
lower educational level, alcohol etiology, diabetes melli-
tus or HE prior to LT (Table 3). The best explicative
model ([ = 0.231, Cp = 7.75. P = 0.005). which
incorporated these 4 covariables (Table 3) in the muolti-
variate analysis, showed that the posttransplant cogni-
tivee function was associated with aleohol etiology (B =
-0.26), diabetes mellitus (B = -0.26). and prior HE (B
0.22) These variables were consikdered cognitive
risk factors based on these results. The number of pre-
LT cognitlve risk factors was assoclated with the over-
all post-LT cognitive function [Fig. 2], and the pattern
of impalmment was related to the risk factors. Trans-

T-values

iy ol & a0

| l PredLl
Memory ' |—- o e e Post-LT
Attention ~ L .,'___‘ 1y '
Execuive Fx | = | ey
Motor Fx -L = L
Visuospatial E et J,,
Figure 1. Cognitive function (Fx) before liver transplantation

[pre-LT) and after liver transplantation (post-LT). The resiills are
expresged as T values. The different neuropsychological domains
showed a significant improvement after liver transplant (*P <
0.05). Flease note thati pn*-l,T, ke AveTRpe resulis for Ty,
altention. and motor luncton are inpaired (values <40).

plant recipients with alcohol-Induced cirrhosis showed
a memory decline, those with diabetes mellitus exhib-
ited attention impairment, and those with prior HE
defects had impalred motor function (Fig. 3.

Magnetic Resonance

The chamcteristics of patients evaluated by MR were sim-
flar o those of the overall group (Table 1). The post-LT
normalized brain volume in these patients was 1556 =
96 mL. Brain volumes were lower with Increasing age [R

0.641. P = 0.001), alcohol eticlogy (1504 = 69 mL
versus 1582 + 92 mL, P = 0.049), prior HE (1505+ 96
mL versus 1607 = 52 mL, P= 0.004) and Increasing time
from first HE (R = -0.641. P = 0.025]. The multivariate
analysis in which these 4 covariables were tested Indi-
cated that age and time sinee first episode of HE were in-
dependently associated with a significant decrease in
brain volume (time from first episode of HE o LT: B =

0.64. age: B = -0.50: B2 = 0.76: Cp = 2.44: P = 0.002).
The age-related decrease in brain volume was more pro-
nounced in patients with previous HE (Fig. 4).

Although cognitive function after LT was within nor-
mal values on average, patients with a smaller brain
volume showed poorer function on motor tests [R =
0.41, P = 0.0449).

MR spectroscopy results (Cho/Cr = 0,29 = 0,04,
mins/Cr = 0.83 = 0.29, GIn/Cr= 1.9 % 0.51, NAA/Cr =
1.45 = (,18) were within the range of normality of our
center. NAASCr, a neuronal marker, correlated signifi-
cantly with brain volume (R = 0.50, P = 0.013) (Fig. 5.

DISCUSSION

The findings of this study Indicate that HE, In addi-
tion to diabetes mellitus and prior alcohol consump-
tion, has effects on cognitive function that persist
after LT. LT candidates often experience episodes of

TABLE 2. Clinical and Biochemical Characteristics of Patients According to the Presence of Minimal HE
Normal Neuropsyehelogieal

Characteristic Minimal HE [n = 28) Funciion (n = 24) P
Age 56.5113) 51.5(16) [iE]
Sex [maleflemale) B2/ | Hoh T2 1'% s
Education (level) 263 (1) ns
Aleahnl l‘tlnlﬂﬂ.’ 51% O 0,023
Diabetes mellitus 3E% 17 s
Prior HE B49% 25% 0.005
Ascltes B4 67 0.043
Priar varieeal bleeding 2% 29% n&
Bilirubdn (ong/ dL) 4.1 12.8]) 1.7 (2.5) 0.023
Albumin Imgfﬂ'[,'l 2.8 10.8) 2.9 0.8) 3, (R0
Creatinine (mg/dL) 0.9 [0.5) 0.9 (0.2) ns
Prothrombin activity (96) 53(12) 84 (30) 0.0
Sodium (mg/dL) 13516 137 [3) 0.028
MELD scaore i 7 (6] 15 (7) 0,006

Values in median (iImerquartile mnge) or percent (49,

Mann-Whitney rank sum test, chi-square, or Fisher's tests.
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TABLE 3, Factors Helated to the Change in Global Cogaitive Function With LT and the Final Cognitive
Fancton After LT

Change In Global Cognitive

Global Cognitive Function

Factar Function With LT After LT
Age 0.043 ns 0,205 ns
Sex [male va female] T=5wE*+4 ns A8 = Bvs B0 = T ns
Education [yvears) 0.117 ns 0.296 0,033
Aleohal ctiology (yes / no) T+BvwsiE*4 ns 48 + Tva B0 = 6 0027
Diabetes mellitus [yes S noy H=GBwvwG =4 ns 43 =*Gve oS =6 [N 15"
Priar HE (yes / nol 9=Bvsb =4 0.008 47 = BvsH0 = 6 0,023
Aseitis jves [/ no) B*24wvsd >4 0. 00k2 49 = Gva 60 = 5§ ns
Biliruibin (mg,/dL] 0.353 0.01 -0.172 ns
Albumin 1|'|!'I|E_,I'-r‘|l.] =[] 5432 0013 0,238 =
Creatining (mgd,/dL] =0.140 ns -, 181 ns
Prothrombin activity (%) -0.422 0. (2 0. 146 na
Sadium [mg/dL] =472 <01 0,095 s
MELD scorc 0.377 0, e -0, 182 s

Pearson's or Spearman's cocllicient test or Student § fest:
*T valucs post-LT minus pre-LT

T values prost=-LT [mean + S03).

TABLE 4. Clinical and Blochemical Characteristics Prior to LT in Relaton to the Development of Mild Cognitive
Impairment After LT

Mild Cognitive Impalrment

Normal Cognitive Function

Characteristie Aer LT (n=7) After LT (= 45)
Age [years) 52 £ 14 54 = 10
Aleohaol etiology B {7 1% 19 (42%)
Dilabetes mellliius before LT 571% B [200%4)
Prior hepatic encephalopathy B (7 1% 19 (42%)
Timie since first episode of HE [months) 26 = 38 2] = 32
Severity of HE(Q/I-1T/111-TV) 1 f3S2 /17 2
Number of cognitive risk (actors® 202 1 (2
MELD 18 =4 18286
Na pre-LT (mg/di) 139 =1 135 =6
Change in MNa (7 days post-LT) 04 =2 328
Tacrolimus concentration post-LT (ng/mL)" B=3 T=4
Infections post-LT (number of episodes|® 1.8 = 0.8 153 =L1.T

*P < 0.05 (Mann-Whitney rank sum test or chi-square test).

+M:.13timum change In serum sodium secn 7 davs postiransplant.
foerum tacrolimus levels at the time of the posttransplant neurspsychologieal assessment [+ 1 week),
Minfectinn of central nervous system was not detected In any of the groups.

HE or exhibit minimal HE, as was seen in two-thirds
of our patients. This population is considersd at
higher risk of developing neurologleal complications
followdng LT Our data demonstrate that overall cog-
nitlve function may be Impaired after LT in the ab-
sence ol major neurological complications related (o
the surgical procedure or the postoperative manage-
ment. The neuropsychological impalrment after LT
appears to have a distinct pattern in relation to the
pre-LT cognitive risk factor, with psvehomotor distur-
bances the most characteristic of HE. Fortunately, the
number of patients with cognitive impalrment is small
and the severty of the persisting defect is mild.
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HE has been classieally considered a metabolic
encephalopathy. This concept s supported by the
results of several studies showing Improved cognitive
function after LT+ Reversibility has even  been
shown for the more extreme cases of chronie deterio-
ratton, commonly called acquired hepatocerebral
degeneration. 2+ However, there is evidence that HE
causes some degree of permanent central nervous
system damage. ™'’

Cognitive impairment after LT has been docu-
mented in previous studies.* Nevertheless, the major-
ity of transplant recipients exhibit normal rrﬁnlllw
function that remains stable for many :.fa:H.r:s." Only
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Figure 3. Cognithve indexes [T values) alier Bver transplantalbon
in relation o pretransplant risk faclors ([aclors assoctated with
cognitive indexes in the multivariate analysis).

13% of our patients qualified for mild cognitive
impairment. There are many possible causes of cen-
tral nervous system deficits, such as preexisting
events (eg, alcoholism, trauma, stroke), intraoperative
hrain injury [ed, hypotension, ischemia), persistent
portosystemic shunts, and toxie eflfects of iImmuno-
suppression.™ Although we cannot exclude participa-
tion of these factors, our data indicate that suscepti-
bility to persistent cognitive deficlts is higher among
patients with aleohol-induced disease, diabetes melli-
tus, and prior eplsodes of HE. Two or more of these
factors were present in 71% of patients with mild cog-
nitive impairment following LT and in only 27% of
those with normal neuropsychological function.

Our findings show that several pre-LT factors with
known effects on neuropsychological performance
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may be responsible for sequelae when they act addi-
tively. Alcohol is neurotoxic and alcohol abuse causes
cognitive disturbances that affect many domains.*®
Neuropsychological function  improves  with  absti-
nence, but several defects may persist.®" particularly
with regard to memory. as was seéen in our study. Dia-
betes mellitus type 2 has been associated with a
decline in cognitive function that affects attention, ex-
eculive function, and mrmnrjr.q'-" This decline is more
marked In older patients and has been related to
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white matter lesions and brain atrophy, probably indi-
cating vascular-induced Injury that can be enhanced
in the postiransplant period by other vascular risk
factors [eg, hypertension, hypercholesterolemia).'

HE may cause damage to brain tissue, including
neuronal loss.*® In neuroradiological studies, brain
volume loss, a marker of brain atrophy and a conse-
gquence ol neurcnal loss, has been documented in
500 of nonaleohalic patients with chronie HE." A con-
founding factor in these studies may be low-grade
brain edema.*” which resolves after LT. In the current
study. which used an accurate volumetric method.
brain volume was found to be smaller in relation 1o
age (as was expected]. and the development of epi-
sodes of HE. The assoclation between HE and brain
volume should be interpreted cautiously. The MR data
proceed exclusively from the post-LT period: the find-
Ings should be corroborated In longiiudinal studies of
patients who experienced repeated bouts of HE. Never-
theless, a plausible explanation for the assoclation Is
that HE Induces a loss of neurons. This notlon s sup-
ported by the association between brain volume and
the relative content of NAA. Animal models provide
convineing evidence that several neuronal ecell death
mechanisms are activated in HE.™ In comparison to
chronje HE. the loss of neurons and decrease in brain
volume resulting in episodic HE Is mild. In our study,
the majority of patients with cirrhosis exhibited brain
volumes and NAA/Cr peaks within the normal range.
Nevertheless, brain tssue loss, even when it 1s mild,
can participate in a decline in cognitive function, as
was suggested by the correlation found between brain
volume and psychometric test results,

The current study has several limitations  that
should be taken [nto consideration In the interpreta-
tion of the results. Cognitive function is influenced by
several factors that are present before and after LT
and some of these may nol have been adequately rec-
ognized in the study. One weakness that is difficult to
resolve is how to attribute neuropsychological impair-
ment to a specific factor In patents with multiple
comorbid conditions. The diagnosis of minimal HE is
based on demonstration of cognitive disturbance in
the absence of other causes, but several factors could
have paricipated in the deterioration seen on pre-LT
neuropsychological testing. Aleoholism s a well-récog-
nized [actor that was more common in patienis with
minimal HE, even after patlents had been abstinent
for more than 6 months. Alechol impairs cognition
and can cause brain atrophy, which affects most
remarkably fromtal lobes and cerebellum and may
reverse In assoclation with cognitive function with
long-term sobriety.”’ To control for the confounding
effects of alcoholism some studles have excluded
these patients in the characterization of minimal HE.
but the results have been similar” to those that
included alcoholics on abstinence.™ We did not
exclude prior alcohol consumption because our aim
was to keep the applicability of the results by Investi-
gating patients who are representative of elinical prac-
tice. The contributing effect of this factor was eval-
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uated In the multivariable analysis. In addition,
postoperative complications, especially those in the
early post-LT period may also have affected cognitive
function, Recent studies have shown that among older
patients, hospitalization and intensive care unit
admission are risk factors for developing dementia
several years later.™ Perloperative factors that could
have worsened cognitive function were not identified,
but may show up in studies with larger samples and
longer follow-up perlods.

Despite these limitations, our findings may have
implications in the management of LT candidates.
First, thempies that are effective in preventing HE
(rifaximin and lactulose) are currently available,™
Second, the consequences of HE on postoperative cog-
nitive status may have an influence on prioritization
policies. ™ This is especially important for LT candi-
dates with recurrent and difficult to treat episodes of
overt HE and low MELD scores. Additional factors
that should be also considered are age. a history of al-
coholism, and concurrent diabetes. because patients
with these factors are the most vulnerable.

In conclusion. this prospective study shows that
HE has an effect on cognitive function after LT,
likely because it results in neuronal and brain vol-
ume loss, These findings sugdest that implementa-
tion of measures to prevent HE may improve cognl-
tive outcome after LT.
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1. INTRODUCTION

Liver failure is characterized by the induction of a series of
abnormalities of brain function which are included under the term hep-
atic encephalopathy (HE). The neurological manifestations are very
variable and can be acute. chronic, or subclinical (minimal HE) (1).
In addition, HE ¢an be associated with cirrhosis, fulminant hepatitis,
or portosystemic bypass without intrinsic liver disease. In patients with
cirrhosis. the most common underlying disease, HE, may be precip-
itated by an extrahepatic factor (gastromntestinal bleeding, infection,
TIPS. disturbances of electrolytes, constipation) or be secondary to an
acute exacerbation of a liver disease (acute-on-chronic). Distinction
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between both sitwations 1s climcally and pathophysiologically rele-
vant. Precipitating factors appear to have a major role in increasing
the exposure of the brain to toxins, and HE resolves usually rapidly
with the correction of the precipitating factor (2). In patients with
acute-on-chronic liver failure, there are additional aspects of major
pathophysiological importance: systemic inflammatory response, cir-
culatory dystunction, and fairlure of other organs that can cause directly
disturbances of brain function (3).

2. EFFECTS OF LIVER FAILURE ON BRAIN FUNCTION

2.1, Disturbances of Neurotransmission

HE. as other forms of metabolic encephalopathy. results in abnor-
malities in neurotransmission (4). This hypothesis is supported by its
potential reversibility and by the lack of neuronal damage. Multiple
abnormalities of neurotransmitter systems have been described in
animal models of HE, including disturbances in the excitatory gluta-
matergic (5) and inhibitory GABAergic (6) neurotransmitter systems.
Some supportive data are provided by studies on autopsied material
(7) and by neuroimaging techniques. However, it is very difficult to
relate the complexity of the disturbances of neurotransmission to the
neurological manifestations. Several therapeutic attempts have been
conducted to restore disturbances in neurotransmission with specific
drugs. but the results have not been remarkable (8).

2.2, Injury to Astrocytes

Astrocytes are the cells of the central nervous system that are affected
in HE (9). The distinctive neuropathological alteration is the Alzheimer
type Il astrocytic change, probably a chronically degenerated astrocyte
secondary to cellular swelling, Glutamine 1s generated in the astro-
cytes during the detoxification of ammonia through the amidation of
glutamate. The accumulation of glutamine may cause an increase in
intracellular osmolality (10) or induce mitochondrial injury by the
activation of the mitochondrial permeability transition (11). Factors
that precipitate HE. such as inflammation. hyponatremia, and benzo-
diacepines, can exacerbate swelling (12). The change in the state of
cellular hydration causes impairment of several metabolic pathways
and has been proposed to be responsible for brain edema and for
the neurological manifestations of HE (13). Mechanisms by which
abnormal glial cells can influence neuronal function include interaction
with glutamate reuptake (14) and activation of peripheral-type benzo-
diacepine receptors. causing increased synthesis of neurosteroids that
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are powerful ligands of the neuronal GABA s receptor (an inhibitory
neurotransmitter) (15).

2.3. Energy Impairment

The brain is the tissue with the highest energy requirements of the
body and depends entirely on the process of glycolysis and respiration
within its own cells to synthesize its energy demands. In HE in humans,
a decrease in consumption of oxygen and glucose 1s accompanied by a
parallel decrease in cerebral blood flow (16). It is not possible to sep-
arate whether the decrease in oxygen consumption is the cause or the
consequence of encephalopathy. The current interpretation 1s that, as in
other metabolic encephalopathies. energy impairment is secondary to
the decrease in neuronal function. However, a direct effect of ammonia
on energy metabolism causing neuronal disturbances is also possible
{17).

In fulminant hepatic failure, and possibly in acute-on-chronic liver
failure, disturbances in energy metabolism may have an important par-
ticipation in the clinical picture. In patients with acute liver failure
icreases in brain lactate, identified by brain microdialysis, are followed
by surges of high intracranial pressure ( 18). Furthermore. an increase in
plasma lactate is a well-recognized prognostic factor in fulminant and
in acute-on-chronic liver failure (19). Experimental models have shown
that the increase in brain lactate is of newly synthesized origin and par-
allels the increase of bramm water in the intracellular compartment (20).
Ammonia may mmpair glyveolysis, because 1t mhibits a-ketoglutarate
dehydrogenase. the rate-limiting enzyme of the tricarboxylic acid cycle
(21}, and may have a direct toxic effect on the mitochondria (11). An
alternative explanation 1s that lactate 15 generated aerobically by exces-
sive glutamatergic activation (22), which may be induced by excessive
amidation of glutamate, secondarily to an increase in brain ammonia
(Fig. 1). Irrespective of the mechanism being involved, a drop of brain
pH can cause injury at multiple levels, including astrocyte swelling
(23).

2.4. Brain Edema

Brain edema is now recognized as an element that is present in acute
and in chronic liver failure and can be identified by indirect (24) and
direct techniques of magnetic resonance (23). The main factor involved
in the generation of brain swelling 1s the increase in plasma ammo-
nia (26). Other factors, such as hyponatremia, may enhance the effects
of ammonia on brain swelling (27). An intriguing finding 1s the dif-
ferent distribution of water in the brain in acute and in chronic liver
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Fig. 1. Interaction between ammonia. the glutamate-glutamine cycle. and
energy metabolism in astrocytes and neurons. Glutamate (Glu, a neurotrans-
mitter) is reuptaken from the synaptic cleft by the astrocyte (1) in cotransport
with Na™ (2). The excess Na™ is interchanged with K* through a No/K pump
(3). Ammonium (NHz) enters the astrocyte from blood through passive diffu-
sion and combines to glutamate to synthesize glutamine (gln). a reaction (4)
that is catalvzed by glutamine synthetase (GS). Glutamine is transported to the
neuron where it is transformed again o glutamate, a major neurotransmitter,
and closes the glutamine-glutamate cyele, Glucose (gle) enters the astrocyle
from bhlood (a) and is transformed into pyruvate (pyr) to produce ATP in mito-
chondria. A significant amount of pyruvate is transformed 1o lactate (lac) that
is shuttled to the neuron (b). Lactate reaches the neuron where it is transformed
into pyruvate to provide ATP through the tricarboxyilic acid cycle (TCA).

failure. suggesting different pathogenetic mechanisms. In acute liver
failure, brain water is mostly located in the intracellular space (28).
while in chronic liver failure is mostly extracellular (29). This differ-
ence suggests a role for increased blood-brain barrier permeability in
the chronic situation, which may be mediated through inflammatory
mediators.

Brain edema has been proposed to have major consequences on
neuronal function (13). but good evidences are lacking. The increase
in the volume of the brain inside a rigid skull can cause intracra-
nial hypertension, which 1s responsible for a signihicant number of
deaths in fulminant hepatic failure. Compensatory mechanisms that
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require chronic induction. a lower rise in plasma ammonia. and a
smaller brain volume explain why intracramial hypertension 1s sel-
dom seen in cirrhosis (30). In fulminant hepatic failure, and possibly
in acute-on-chronic liver failure, cerebral vasodilatation and loss of
autoregulation may worsen brain swelling (31); measures that inhibit
cerebral vasodilatation decrease intracranial pressure (32).

2.5. Brain Atrophy

Different neuroimaging techniques have shown brain atrophy in more
than half of the patients with cirrhosis and chronic HE (33). The preva-
lence is higher among alcoholic patients, because alcohol causes a
dose-related decrease in brain size that 1s aggravated by a poor nutri-
tional status but is partially reversible with abstinence (34). Similarly,
the chronic exposure to neurotoxins involved in the pathogenesis of HE
could lead to loss of brain tissue that can explain the persistence of
neuropsychological deficits after liver transplant (35).

3. MECHANISMS BY WHICH LIVER FAILURE
INDUCES HE

Liver failure causes an increase in the exposure of the brain to several
substances that under normal circumstances are etficiently metabolized
by the liver: those substances that have a high “hrst-pass™ metabolism
are the most important, as shown by the major role of portosystemic
shunting in the development of HE. In addition. other factors that are
commonly present in patients with liver failure and may worsen neuro-
logical function are inflammation, circulatory derangements, nutritional
deficits, comorbidities, and failure of other organs.

3.1. Ammonia Toxicity

Ammonia has been historically viewed as the most important fac-
tor in the genesis of HE (Fig. 2). In normal conditions, ammonia is
produced by the gut and an important amount is of bacterial origin
(36). The concentration of ammonia in portal blood i1s high, and a high
degree of extraction occurs in the liver (37). Ammonia levels are high in
patients with HE (38), specially among those with large portosystemic
shunts. Similarly, effects on blood ammonia and brain metabolites are
seen in shunts secondary to portal vein thrombosis (39) or of congenital
origin.

In addition to the intestine and the liver. kidney and muscle contribute
to regulate the arterial ammonma level (40). In muscle, ammonia 1s
transformed into glutamine through the action of glutamine synthetase.
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Fig. 2. Interorgan ammonia trafficking and metabolism. Ammonia is gener-
ated in the intestines [rom nitrogenous compounds from the diet. deamination
of glutamine by glutaminase. and metabolism of nitrogenous substances by
colonic flora. In normal circumstances. most ammonia is metabolized (o urea
in the liver. Portal-systemic shunts and liver failure cause a rise in blood
ammonia that may affect brain function by inducing several disturbances n
astrocyles that may impair mitochondria and the glutamate-glulamine traf-
ficking between neurons and astrocytes. Skeletal muscle is capable to decrease
blood ammonia by metabolizing ammonia to glutamine. Kidney has also an
important role in determining blood ammonia by excreting urea in the urine
and generating ammonia. NHi, ammonia; Glu, glutamate; Gln, glutamine;
GNASE. glutaminase: BBB. blood-brain barrier.

The ability of the muscle to “hx™ appreciable amounts of blood-borne
ammonia becomes important to regulate arterial ammonia in case of
liver failure and highlights the importance of maintaining an adequate
muscle mass.

Patients with HE have an increased diffusion of ammonia into the
brain in relation to an increase in arterial ammonia (41). In the brain,
ammonia is metabolized to glutamine in astrocytes, where ammo-
nia or glutamine exerts their toxic effects. Recent data provide more
information on the mechanisms by which ammonia causes neuronal
disturbances, but a complete explanation is still lacking (42). Signs
of oxidative stress, such as protein tyrosin nitration. have been found
in several experimental preparations. In addition to injury to pro-
teins, ammonia induces RNA oxidation, which may have multiple
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consequences in neurotransmission and postsynaptic protein synthesis.
Such changes may also underlie the pathologically altered oscilla-
tory networks in the brain of HE patients in vivo, as detected by
magnetoencephalography (43).

3.2. Inflammation

Patients with acute and acute-on-chronic liver failure develop fre-
gquently a marked activation of inflammatory mediators (44). The pres-
ence of a systemic infammatory response syndrome has been linked to
the development of HE in fulminant hepatic failure (45) and in cirrho-
sis (46). The activation of inflammatory mediators, such as cytokines,
may modulate the effect of neurotoxins on the brain. The accompany-
ing impairment in renal function can increase circulatory urea levels,
with subsequent colonic generation of ammonia via urease-containing
bacteria. Peripheral inflammation may signal the brain through the acti-
vation of vagal affterents (47). Other mechanisms of transduction of
signals into brain are binding of cytokines to receptors in cerebral
endothelial cells or direct access of cytokines into brain tissue at sites
lacking blood—brain barrier (such as the circumventricular organs) (48).
Inflammation may also be directly induced in the brain. Microglial acti-
vation and induction of synthesis of promflammatory cytokines have
been shown in experimental models (49)., Neuroinflammation has an
important role in many neurological diseases. In HE. activation of
inflammation in brain tissue may increase blood-brain barrier perme-
ability, result in the generation of intracerebral mediators (such as nitric
oxide and prostanoids), and cause astrocytic swelling (13, 50).

3.3. Circulatory Dysfunction

Patents with Liver farlure, especially those with acute and acute-
on-chronic liver failure, exhibit commonly circulatory disturbances
characterized by low arterial pressure, low peripheral vascular resis-
tance. and high cardiac index (51). It has been hypothesized that this
circulatory dysfunction participates in the pathogenesis of neuronal dis-
turbances (52). There is a close parallelism between renal and cerebral
circulation in hiver failure. In advanced hiver failure, both termtones lose
the property of vascular autoregulation (33). In patients with cirrho-
sis and ascites, there 1s renal and cerebral vasoconstriction, which are
probably related to arterial hypotension and to the overactivity of vaso-
constrictor systems (34). The clinical experience also links renal failure
to HE. In patients with advanced cirrhosis, an increase in serum creati-
nine and a decrease in serum sodium are the two most important factors
involved in the recurrence of HE (353). The experience with patients
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with cirrhosis and organic nephropathies suggest that the mechanisms
involved in recurrence of HE do not simply correspond to a decrease
in the excretion of urea in urine. The increase 1n creatinine in advanced
cirrhosis identifies the presence of circulatory dysfunction (56). It is
probably that circulatory dystfunction 1s a key mechanism in precipitat-
ing HE in patients with advanced liver failure, especially among those
with acute-on-chronic hiver failure,

4. PRINCIPLES OF TREATMENT

HE is a manifestation of severe liver failure: its treatment cannot be
separated from the treatment of liver failure, which requires a series
of supportive measures, including the general management of a patient
with change in mental status. Several measures specifically designed
to treat HE appear to be beneficial (57), although many of them have
not undergone proper assessment in good clinical trials and have been
criticized (58). Treatment of precipitating factors (Table 1) is a main-
stay of management, which requires their active search and continuous
monitoring.

4.1. Nutritional Measures

Intake of large amounts of proteins should be avoided because
they can precipitate HE. However, the classically recommendation of
restricting dietary protein intake is no longer valid (59). In patients with
cirrhosis, a low-protein diet does not improve the outcome of acute
HE (60) and does not reduce its recurrence (61). Protracted nitrogen
restriction may be harmful, as witnessed in patients with acute alco-
holic hepatitis (62). The current recommendation is to give a diet that
contains a normal amount of proteins (0.8-1.2 g/kg/d).

Severe malnutrition, which is common among patients with cirrhosis,
15 associated with a poor short-term prognosis. A positive nitrogenous
balance may improve encephalopathy by promoting hepatic regenera-
tion and mmcreasing the capacity of muscle to detoxity ammonia (39).
However, improvement in nutritional status in patients with eirrho-
sis is difficult. A high-protein intake (>1.2 g/kg/d) may be necessary
to maintain nitrogen balance. but can increase blood ammonia and
may precipitate HE (63). Moditving the composition of the diet and
increasing its calorie/nitrogen ratio may improve tolerance to pro-
tein. At isonitrogenous levels, vegetable and dairy products cause less
encephalopathy than does meat (64). A high calorne-to-nitrogen ratio,
which is characteristic of casein-based and vegetable diets, reduces
gluconeogenesis and has anabolic effects on the utilization of dietary
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Table 1
Precipitating factors for HE

Large protein

intake ammonis
Psychoactive Enhancement of effects Activation of
drugs on the CNS inhibitory neuro-

ammonia

Increase in blood

generation by
enteric flora
Nitrogen load

lransmission

Precipitating Possible effects Mechanism of Associated
factor action coprecipitant
Sepsis Increase in blood Protein catabolism Azotemia
ammonia Activation of Arterial
Enhancement of the cytokines hypotension
effects of putative
toxins on the CNS
Gastrointestinal — Impairment in liver Hepatic Infection
bleeding function hypopertfusion  Anemia
Increase in blood Nitrogen load Arterial
ammonia Disturbances of hypotension
plasma amino
acids
Hypokalemia Increase in blood Ammonia
ammonia generation
Azolemia Increase in blood Ammonia
ammonia aeneration
Dehydration Increase in blood Hepatic Hypokalemia
ammonia hypoperfusion  Azotemia
Diuretics Increase in blood Hypokalemia
ammonia Azotemia
Dehydration
Acute hepatitis — Impairment in liver Liver injury
[unction Activation of
Enhancement ol effects  cytokines
on the CNS
Surgery Impairment in liver Hepatic Anesthetics
function hypopertusion
Constipation Increase in blood Ammonia

CNS, Central nervous sysiem
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proteins. The benefits of vegetable-based diets have also been related to
the presence of nonabsorbable fiber that is metabolized by colonic bac-
teria. Branched-chain amino acids show anticatabolic etfects in patients
with chronie liver diseases, probably due to their ability to serve as an
energy substitute for muscle, and because of their actions on muscle
protein synthesis and degradation (65).

4.2. Decreasing the Production of Toxins: Prebiotics,
Probiotics, and Antibiofics

The observation of a relationship between portosystemic shunting,
constipation, and HE leads to the concept that the intestinal flora is
an important source of toxins, This was followed by the introduction
of intestinal cleansing, prebiotics. probiotics. and antibiotics to treat
HE. The goals of these treatments are to increase fecal nitrogen excre-
tion. reduce the generation of ammonia by fecal flora. and decrease
the amount of ammonia that reaches portal blood (66). This can be
achieved by promoting the growth of saccharolytic flora with little ure-
ase activity and reducing the bulk of proteolytic flora. Another possible
benehicial effect of modifying the enteric flora 1s reducing translocation
of intestinal bacteria; a decrease in plasma endotoxin has been shown
with prebiotics and probiotics (67). Translocation of bactenal prod-
ucts may activate inflammatory mediators (68). worsen hemodynamic
parameters, and favor the development of HE.

Lactulose (a nonabsorbable disaccharide) is a prebiotic that was first
introduced with the idea of increasing the amount of Lactobacillus
bifidus in the enteric flora. The mechanism of action is more complex.
Administered orally, lactulose and lactitol (a similar nonabsorbable dis-
sacharide) are not broken down by intestinal disaccharidases and reach
the cecum. where they are metabolized by enteric bacteria to lactate
and acetate (69). These metabolites cause a drop in cecal pH. which
is critical for the drugs to be effective. and is associated with cathar-
sis. A similar etfect can be obtained by giving different combinations
of probiotics that are enriched in lactobacillus or in other “healthy™
species (70). The efficacy of prebiotics and probiotics in decreasing
blood ammonia and improving minimal HE is similar at short term
(71). However, probiotics lack the cathartic effect of nonabsorbable
disaccharides and fiber. which make them better tolerable. but could
also limit their efficacy. Another alternative that has been proposed
is administration of acarbose, a drug that inhibits glucose absorption
and modifies the enteric flora. In one study, treatment with acarbose
decreased ammonia and improved HE (72).
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Several antibiotics that reduce the gram-negative bacilli population
have been introduced in the treatment of HE, Neomycin and rifaxim,
two antibiotics that are poorly absorbed and decrease blood ammonia.
are commonly prescribed as alternatives to nonabsorbable disaccha-
rides (73). In addition to decreasing enteric flora. neomycin causes a
reduction in mucosal glutaminase activity and thereby decreases the
ability of the mucosa to consume glutamine and produce ammonia (74).
There are concerns that long-term therapy with neomycin could result
in intestinal malabsorption and renal or auditory toxicity, because 1t is
an aminoglycoside. Rifaximin appears safer for prolonged therapy (75).

Therapies aimed at reducing the production of toxins by the intesti-
nal flora are by far the most commonly used and better studied.
Unfortunately. few placebo controlled trials have been conducted. The
best results have been observed for treatment of minimal HE (58) and
for prevention of recurrence of HE (76). Combination of different ther-
apies may exert some synergism, but the available data are scarce (77).
In patients with cirrhosis and an acute episode of HE. the major aims
of therapy are controlling the precipitating factor and improving liver
function. In this circumstance. many patients receive broad-spectrum
antibiotics. The administration of drugs that decrease the intestinal
production of toxins may have only a marginal benefit (78).

4.3. New Therapies

The current burden of illness and hospitalization for HE 1s very high
(79), indicating that there is a need for better therapies. New goals of
therapy are achieved with drugs that reduce blood ammonia without
mterfering with enteric flora, new measures for precipitating factors,
and liver-support devices.

The generation of ammonia in the small intestine may be reduced
by inhibiting glutaminase (80)., However. since glutamine is a major
energetic substrate of the intestine, this may result in serious adverse
effects (81). An alternative mechanism to decrease ammonia is to
increase the disposal by stimulating the synthesis of nontoxic nitroge-
nous compounds. Muscle may become an important organ to enhance
ammonia detoxification by conversion to glutamine. L-ornithine—
L-aspartate, which has undergone clinical evaluation (82) and 1s avail-
able in several countries. and L-ornithine—L-phenylacetate(83), now
under clinical ivestigation, provide mtermediates for glutamine svn-
thesis and decrease plasma ammoniza.

Exacerbation of circulatory dysfunction (identified by an increase in
creatinine) and hyponatremia are the two most important risk factors for
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the development of HE (55). Aquaretic drugs increase plasma ammo-
nia and have shown some promise in improving minimal HE (84). Their
putative mechanism of action is through diminishing astrocyte swelling.
It is possible that patients with ascites and hyponatremia treated with
aquaretics could experience fewer episodes of HE. The administration
of albumin alone or combined with vasoconstrictors have shown to be
beneficial in preventing circulatory dysfunction in patients with cirrho-
sis (56) and may secondarily reduce the incidence of HE. In patients
with diuretic-induced HE. patients treated with albumin showed a bet-
ter outcome than those treated with another volume expander (85).
The physicochemical characteristics of albumin and the observation
of improvement in parameters of oxidative stress suggest that treat-
ment with albumin may decrease the effects of toxins on circulatory,
renal, and neurological function (86). Liver support devices. such as
the Molecular Adsorbents Recirculating System (MARS). might also
play a role. MARS improves the grade of HE (87) independently of
changes in ammonia and cytokines, suggesting that other toxins. such
as oxygen-based free radicals. might be important.
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Abstract Hyponotremic and hepatic encephalopathy  are
common causes of metabolic encephalopathy that may
cocxist in patients with cirrhosis, The clinical picture is
commaon to any metabolic encephalopathy and s chame-
terized by a confusional syndrome that may evolve nto
eome, Chronie mild or minimal manifestations can be seen
in both, but motor symptoms are more common in hepatic
encephalopathy. Recent advances show that in addition 1o
clinical manifestations both encephalopathies share some
pathogenetic mechanisms. Dysfunction of astrocyies, os-
maotic changes in the bmin and brain edema are present in
both situations, Recognition of these abnomalitics s
important to plan thempy, New drugs that affect bmin
hydration may be useful for both encephalopathics.
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ITntroduction

Membolic encephalopathy  refers to the impairment in
bmin’s miegrated activity in the absence of structurml
abnormalities (Plum and Posner 1982). The clinical
manifestations comrespond 1o a syndrome of global cerchal
dysfunction induced by systemic stress, and can vary from
mild executive dysfunction ar agitated delifium, 1o deep
conut with decerehrate posturing. Mormal neuronal activity
requires a balanced enviromment of clectrolytes, water,
amino acids, excitatory and inhibitory neurotransmitters,
and metabolic substrates. Disturbances in this environment
cause dysfunction of the ascending meticular activating
system andior its projections to the cerchral conex, leading
to imparrment of arousal and'or awareness. The ultimaie
neuraphysiologic mechanisms include interuption of poly-
synaptic pathways and aliered excitatory—inhibitory aming
acid balance. Correction of metabolic demngements results
in disappearance of clinical manifestations.

Hyponatremic and hepatic encephalopathy are one ol the
most common causes of metabolic encephalopathy and may
coexist in patients with cirrhosis. Several advances in recent
years have lead to recognize an important role for the stage
of cell hydration in the pathogenesis of both pathologics
(Haussinger and Schliess 20081 Changes in astrocyte
hydration and compensatory osmotic regulation modify
multiple metabolic pathways that may affect neuronal fune-
tion. The recent development of vaptans, which are antagonists
of V2 receptors located in the distal nephron, holds great
promise in piding the tresment of hyponatraemic encephalop-
athy (Aricff 2000); they may also have beneficial effects in
curhotic patients with hepatic encephalopathy. This article
revicws the similartics ( Table 1) and differences (Table 2} in
the pathogenesis, clinical manifesiations and treatment of
hyponatremic and hepatic encephalopathy and discusses the
coexistende of hyponatremic and hepatic encephalopathy,
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Table | Similarities between hyponatremic and hepatic encephalopathy

Table 3 Coexistence of hyponatremic and hepatic encephalopathy

Microscopy Astrocyte injury with sparing meunons
and olygodendrocyies
Brain edema Recognizable with neurcimaging
Compensatory carmaonegulatory changes
(decrense m myomasitol)
Biomarkers Imperfiect comelation to plasmn sodium
or plasma ammonia
Acute Confusional syndrome-coma
i festations Fraquently accompanied by masea
Chronie Neuropsychalomical abnomalmies and normal
mani festations physical exam {minimeal-mild encephabopathy)

their relation with brain edema and their importance in the
otlcome of patients with cirmhosis (Table 3),

Hy ponatremic encephalopaihy

Hypaonatrenia is defined as g decrease in the serum sodiam
concentrmtion W a level below 136 mmol per liter,
Hyponatremia can be associated with low, normal, or high
tonicity, which refers to the contribution to osmolality of
solutes, such as sodium and glucose that cannot move
freely across cell membranes. Dilutional hyponatremia, by
far the most common form of the disorder. is caused by
waler retention and is seen in congestive cardiac failure,
cimhosis or nephiotic syvndrome. Dilition of body solutes
causes hyvpolomicity, which m turn, leads 1o transcellular
shifts in water and an merease incell hvdration and volume.

Pathogencsis of hyvponatremic encephalopathy

The manilesiations directly attnbutable o hy ponatremin
prmarily occur with acete and marked reductions in the
plasma sodivm  concentmtion (<130 mEgT) and reflect
neurologie dystfunction induced by cercbral edema.

Table 2 Differences between hvponatremic and hepatic encephalopathy

Hyponatremia  Cirrhosis

Prevalence High among patients with advanced crrrhosis

Prognosis Azsocited with decremsed survival

Risk factor Increases the risk of hepatic encephalopaihy
Increases the risk of brain edema post-TIFS

Resistance Associted 1o resistance o laciulos in patsenis with

mibnimal hepatic eneephalopathy
Treatment Correction of hyponatremia with vaplans improves

neuropsychological tests

Hyponatremic Hepatic
encephalopathy encephalopathy
Brain metabolites Decrease in Increase in
glutamine glutamme
Clinical Headache, zermnes Disturbances of
mani fesmtions mioknr function
{asterixs,
parkinsomsm... )
Magnetic resonance  Decrease in Increase in ADC
(difTusion ADC (intracellubar) { imterstitial )
imagingh
Sequalse Myelmolisis afier Brain atrophy afer
rapid comection recurrent episodes
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Changes in cell hydration and in the concentmition of
electrolytes can explain impairment 0 neoronal function.
Synaptic wransmission and the generation of the action
potentinl are both dependent on the presence of sodivm
(Ciage and Quaste]l 1965 ) amino acid transpon systems ane
almost iotally sodium dependeni

The developmen of cerebral edema 15 specifically
dependent upon the tmnsfer of water from plisma ond
cercbrospinal NMuid into the brain, Microscopically, in
experimental models cellular swelling appears 1o be
confined to astrocyies, with spanng of neuronal elements
and olygodendrocites (Wasterlain and Torack 19%68). The
passage of waler through the lipid membranes of cells s
possible due 1o the presence of membrane proteins that act
as waler-pores, One such protein that has been shown 1o
regulate the cellular entry of witer in brain is aquaporin=4,
which has a strategic localization in astrocytes, particularly
in their end-feet and is close apposition o cerchral
capillaries. Compared with wild-type mice, knockout mice
exhibil considerably less braon edema, morbidily. and
morality after the induction of acule hyponatremi,
demonstrating  that squaporin=d mediates a substantial
portion of osmotic water transport into the brain (Manley
el al, 2000 The degree of edema may also depend on other
factors that regulate the sctivity of aquaponn-4 (Rama Rao
and Morenberg 2007). anchoring proteins, such as «-
syntrophin, determine the ranslocation of aguaponn-4
protein onte the plasma membrane and protein kinase C
phosphorylates aquapornin=d and regulates s activity,

Brain edema also depends on the responses of brain cells
1o asmotic swelling (McManus e al, 1995) The degree of
cerebral cdema and therefore the severity of neurologic
symploms are much less with chronic hvponaremia, This
protective response, which begins on the first day and s
complete within several days, occurs in two mmor steps
(Melton et al. 1987). The mital cerchml edema elevates the
mterstitial hydrwlic pressure, creating a gradient for extracel-
Iular Tuid movement oul of the brun o the cercbrospinal
flurd. The bmin cells lose solies, leading to the osmotic
movement of water oul of e cells and less brain swelling.
Most of this volume regulatory response initilly consists of
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the loss of potassium and sodmm sabs: this is then followed
over the next few days by the loss of organic solutes.
Electrolyte movement occurs quickly becawse it s mediated
by the activation of quicscent cation channels in the cell
membrane; organic solute loss occurs Liter because it reguines
the symihesis of new trmnsporters. The onzmmic solutes (which
are called osmolyvtes) account for approxinuitely one-third of
the solute loss in chronie hyponaremia (Lien el al, 199]),
Reducing the cell’s content of these solutes hias the advantage
of restoring cell volume without imtedering with function.

Clinical manilestations of hyponatremic encephalopathy

The seventy ol symploms generally reflects the degree of
cerchral overhydmtion, which depend on the mlensity of
hyponatremia and the mpidity of the fll in serum sodium.
Mausea and malaise are the cadiest findings, and may be
seen when the plisma sodium concentration falls below 125
to 1300 meqL. This may be followed by headache, lethargy,
and oblundation and eventually seizures, coma, and
respiratory armest iF the plasma sodivm concentration falls
below 115 o 120 meg/L. However, there is o significant
varimtion and it has been documented that for almost any
givien leviel of plasma sodiom there is marked differences in
depression of sensorium (Anell and Guisado 1976),

In experimental animals with acute water intoxication,
coma and scizires may be seen when serum sodium is
acutely lowered 1o levels of about 120 mmoles/liter over a
period of 2 h (Ancll et al. 1976) When serum sodinm s
reduced 1w 122 mEqgliter over 2 o 3 days, however, most
animials ane asymplomatic, More profound hyponatremia
(serum Na= 110 mmolesTiter or lower) usually results in
varying degrecs of lethargy, coma and seizunes,

In chronic hyvponatremia  compensatory mechanisms
prevend major cerebral overhydratnon, In this circumsiance,
symploms related to hyponotremia can be very subile and
difficult 1w detect clinically, panly because they can be
atinbuted (o those of the associated discases. In most cases
the symploms wre mild and remain unnoticed by patient and
physician. However, mild chronic hyponatremia may have
important consequences. A study found that contrbuted to
falls, especially in elderly people. probably as a result of
atfention, posture, and gait impaimients (Rennchoog et al,
2006). These symploms may be related to some degree of
mild edema, as shown in animals that have been rendered
chronically hyponatremic (AnelT el al, 1976).

Treatment of hyponatremic encephalopathy

The main goal of therapy is cormection of hyponatremia
(Admogue and Madias 20000 However, the reuplake of
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brain solutes during comection occurs more slowly than
loss of bmin solutes during the onset of hyponatremia
(MceManus et al. 1995). For this meason cormection of
hyponmtremia must be performed stowly, Overly rapid
comection mav be deleterions, especially in paticnts with
chronic hyponatremia (see below). The adoaptation that
returng the brain volume toward normal in chronic
hyponatremia protects agaimst the development of cerchml
edema but also creates a potential problem for therapy. A
rapid increase in the plasma sodium concentration can lead
o an osmotic demyelination syndrome. These changes can
lead 1o potentially severe newrologic symptoms that are
delayed Tor 2 1w 6 days afier correction and may be
irreversible. An increased susceptibility o osmotic demy-
elination is observed in cirrhotics. Inthis setting, myoinositol,
the most abundanl organic osmolyle, 15 depleted bocause of
both a decrease in brain glutamine and hyponatrenia induced
bram cell swelling ( Cordoba et al, 1998), The mechanism is
not fully understood but depletion in orzanic osmalyles has
been associated with myelinolysis (Licn et al. 1991)

It is curmently recomumended that the plsma sodivm
concentration in hyponatremic patients be elevated at a
maximum rate of 10w 12 meg'L during the first day amd
18 meg/L over the first 2 days (Stems o al. 1994), More
rapid thempy (1.5 to 2 meg/L per hour) is required for the
first few hours in symptomatic pabients with acute hypona-
tremia, bul the tal mie of comrection over the first day
should be the same.

Treatment can also be beneficial for paticnts with chronic
mild hyponatremia (120-129) that are apparently asymptom-
atic, becauwse gradually rmising the plasma sodium with
tolvaptan has been associated with sigmficant improvement
in their healih-related quality of life (Schrier et al, 2006),

Hepatie encephalopathy

Hepatic encephalopathy 15 as a disturbance in central
nervous system function due w hepatic nsufficiency and/
or portal-systemic shunting {Ferenci et al. 2002). Hepatc
encephalopathy is a prevalent complication of cirrhosis that
is associated with increased monality and places a high
burden of illness and hospialization (Poordad 2007,
Bustamanie ¢t al, 1948)),

Pathogencsis ol hepatic encephalopathy

A large amount of data support a central role for
diswrbances of newrstransmission and impairment of
astrocyles in hepatic encephalopathy, Thus, it has been
proposed that injury o astrocyles causes secondanly
abnomulities in neurotransmission and results n the
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elinieal picture of hepatic encephalopathy (Haussinger ¢t al.
20007, Multuple neurotransmutler systems are abnommal
(Butterworth  1996), Those that are better chameterized
include the excitatory glutamate system and the inhibitory
GABAergie system, but many olhers are also affected, such
as histamine, serolonine, opiod, ele.

Current hypotheses propose that hepatic encephalopathy
is secondary to the exposure of the brain o circulating
neurotoxings  (Condoba and Minguer: 2008, Among the
different toxins that have been proposed ammonia appears
to be the most important factor (Butterworth 2003),
Ammonia is produced by the gut and an imporant amount
is of bacterial ongin, The concentration of ammonia in
pertal blood is high and undergoes a high degree of
extraction in the liver (0%, Concentmtions of ammonia
are raiscd in the systemic circulation and in the cerchrospi-
nal Muid of patients with hepatic encephalopathy (Cooper
and Plum 1987). Similarly to what 15 observed in
hyponatremia e corelation  between  plasma  amimon o
and the degree of hepatic encephalopathy is not tight. This
may depend on the mpidity and the severity of the exposune
of the brain to ammonia. For instance it is well documented
that n patients with fulminant hepatic fulure o plasma
ammonta above 150=200 meM 5 closely related (o the
development of cerchral hermiation (Clemmesen et al.
1909y, Other factors, tha cam be difficult 1o wentfy, may
act synergistically. Clinical experience shows that delinum
secondary 10 metabolic disturbances s common among
hospitalized panents, specially among older and cntcally il
patients (Inouye 2006), two conditions that are frequent in
cimrhotic patients with hepatic encephalopathy.

Recent studies have found oxidative stress in the brain of
hepatic encephalopathy (Houssinger and Schliess 2008),
Astrocytes exposed o ammonia develop the mitochondrial
permeability transition that leads w free radical genemtion
and inereased lipid perosidation. Other factors that can
participate in the development of oxidative stress are
glutamine, penpherml benzodiazepine receplor, mangancse
and nitne oxide. The oxidation of lipids, proteins, and
nucleic acids is well known o impair cell structure and
fiunction. The consequences of oxidative stress in hepatic
encephalopathy are unknown, but il is noleworthy that free
radicals are known to canse cell swelling in brain slices and
cultuned astrocytes.

Brain edema in hepatic encephalopathy

Classically, brain edema has been considered a specific
feature of fulminant hepatic failure and has been separated
froan hepatic encephalopathy (Ware et al. 1971} Expenmen-
2l and clinical data have documented brain ademe in models
of chronic liver failure (Cordoba e al. 1996) and in patients
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wilh cirmhosis (Cordoba el al. 2000; Shah el al. 2008)
Astrocyte swelling 15 consadered the underying constituent
of briin edema in these cireumstances. In fulminant hepatic
failure, sstmeyte swelling along with cerebral blood flow
disturbances causes the expansion of bram volume within
the riged skull and resulis m omircrmmal hyperension. In
cirrhosis, astrocyle swelling may induce a series of fune-
tional abnormalitics that can be mesponsible for hepatic
encephalopathy (Houssinger et al. 2000). Lack of cerchral
hyperperfusion and activation of compensitory mechanisms
may explain why mtracranial hyperiension is infrequent in
cimhosis { Donovan et al. 199598,

Brain swelling is present in all the clinical situations that
are accompanied by hyperimmonemia, such as inbom
enaymatic deficits of the urea oyele, Reve's syndrome and
hyperammonemia induced by chemotherapy or lung tmins-
platation. The main difference between these situations
and liver filure 15 the concentration of plasma ammaonia,
wsually five tmes higher than in liver failure, Infusion of
ammonia o experimental models reproduces  cerebral
swelling. Glutamine, the product of ammonia detoxification
in astrocyies, has been postulated to be responsible for the
development of brain edema through an osmobic mecha-
nism (Brusilow [1986). In support o this hypothesis,
mhibition of glutamine syathetose prevents cellular swell-
ing in culture and in animals (Takahashi ot al. 1992), In mis
alier portecaval anastomosis, & weeks after exposure o
endogenous ammonia and a 2- o 3-fold increase in brain
glutamine, the sum of bram orgonic osmolyies remamns
constant, pancipally ol the expense of a reduction of myo-
inositol (Cordoba et al. 1996). Similar principles may be
applicable 1o explain the decrcase in brain mye-inosilol
observed in cirhotic patients (Rovira et al. 2002)

Clinical manifestations of hepatic encephalopathy

The neurologic manifestations are vanable and depend on the
severity of liver fuilure and the degree of pontosystemic
shunting. The most distinctive presentalion 15 an acute episode
chamcterzed by the sudden onset of an aoute con fisional
stale that can evolve into coma. Disturbances of motor
function wre common, the most chamciensie being  the
presence of astenixis; pyramidal signs also may be present.
Interestingly, a substantial number of patients exhibit initially
navsca and malaise, similarly a5 in acute hyponsremiie The
term chronic hepatic encephalopathy is reserved for paticms
whi have lrequent episodes of encephalopathy or persisient
cognitive (memory loss, confusion, disorentation) or molor
disturbances (tremor, apraxia and rarely paraplegia), Minimal
hepatic encephalopathy  comesponds 1o those nearologic
manifestations not obvious @ clinical examination but
deteeted with neuropsyehological or neurophysiological tesis




Patients methods and results

Metab Brain Dis (20005 25:73-20

T

(Ontiz et al. 2005), The manifestations of hepatic encepha-
lopathy ane similar 1o those of hy ponatremic encephalopathsy.
Specific signs thal can be found are those of liver falure,
such as hepatic Retor. Clinical experience sugpests  that
asteninis 15 much more common in hepatic than in
hyporatremie encephalopathy, bul a systemubic companson
between both has not been performed.

Clinieal relevance of brain edema in cirrhosis

Magnatic resonance has confirmed the presence of bruin
edana in relation 10 the devielopment of hepatic encephalop-
athy (Shah et al. 2008). The inerease in brmin waler appears o
be mostly located m the interstitial comparment (Kalke et al.
20063, which challenges the concept of astrocyte swelling.
These technigues are usually not available for clinical use.
Conventional techniques indicate indirectly the presence of
brain edema. T2-weighted images have shown an increase in
the signal along the corticospinal et (Cordoba et al. 2003)
and changes in the volume of leukoarmiosis (Mingues el al.
2007). The better explnation for the increase in the volume
of ventricles that has been observed following liver trans-
plantation is the existence of mild chronic brain edema prior
to liver trmsplantation { Garci-Martines et al. 2000},
"H-magnetic resonance spectroscopy has identified a
pattern ol neurospeciroscopre abnormmalities, charactenszed
by an merease in GIx'Cr and a decrease in Cho/Cr and
miIns/'Cr, without changes in NAACr This pattem has only
been observed in liver filure (Kreis et al. 1992). A good
explanation for the findings of 'H-magnetic resonance
spectroscopy is that they reflect an increase in the
concentrmtion of gliamine in astrocvies and a regulatory
decrease of the concentration of brain organic osmolyles,
such as choline-contuining compounds and myo-inosioel,
An unresolved issue is whether low-gmde bran edema
detected by magnelic resonance has any clinical relevance.
Some patients with cimrhosis in deep hepatic coma may
develop imtmeranial hypenension and brain hemiation,
patients with hyponatremia ane ol higher nsk (Jalan et al
1997}, Swdics in patients with ovent hepatic encephalopathy
an: difficull o conduct. The few available have found o larger
decrease of spe-inositol in overt hepatic encephalopathy
(Cordoba et al. 2002), suppesting a mone marked activation
of regulnory volume decrease 0 compensate for funher
astrocyiic swelling. Patients with minimal hepatic encepha-
lopathy offer the advantage of studying a stivation that =
easier W control, The two paradigms that have been studied
ane the evolution after liver tmnsplantation and the response
o an acute ammoni load, Following liver transplantation,
brain edem, assessed by MTR, has been shown o nomulize
i parallel with the correction of neuropsychological dis-
wrbanees (Cordoba et al. 20000, In a study that administered
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an oral amine scid challenge resembling  gastroantestinal
bleeding to cimhotics without encephalopathy, MTR was
found to decrease and neuropeychological Lests detenonated.
In sccordance with the hypoihesis of osmotic induced
astrocyle swelling, neuropsychological detenoration was
greader in patients with lower mye-mositol (Shaweross ef al
2004). These resulis suppons the hypothesis that the
neuropsychological effecs of induced hypermmmonemia is
dietermined by the capacity of the bran o handle ammonie-
induced increase in glutamine, which is limited if the osmotic
reservie (the astrocytic pocd of mve-inesitol) s low,

Ome interesting finding on fast-Flair imaging is the presence
of T2 hvpermensity abong the corticospmal tract in cirdhotics
(Cordoba ¢t al. 2003), This image appears o commespond o
psrocvlic edema along this contrml motor pathway. Clinical
signs of comicospinal impainment (exageerated deep tendon
reflexes, Babinski's sign) ane common in overt HE. For this
reason, we mvestigated the relstionship between image and
function of the corlicospinal tract with transcranial magnetic
stimulation. We found a delay of neuronal tmnsmission thit
wies correcled afler liver transplantation. The degree of
impaiment and the evolution after liver transplaniation
comelated with the disappearanee of T2 hypenntensity, Thus,
sigms of astrocytic swelling and neuronal dysfunction could
be delimited o a specific neuronal pathway,

Treatment of hepatic encephalopathy

Correction of liver failure and portal-systemic shunting are the
ideal strtegics (o avoid the exposure of the brain 1o toxins and
reverse the neuralogical disturbance. However, these strategics
are difficult o conduct. Tresments addressed 1o lower blood
prmimonin are easy W0 mstitule and result in clinical bemeiit {(Blei
and Cordoba 2001). General measures for patients with
delrum are applicable 1o any form of metabolie encephalop-
athy (Inouye 2006), Therapy should be focused in providing
nommal blood flow, lemperature, osmolality. and pH for
optimal central nervos system [unction. Onee the episode
hais been resolved preventive measures should be instituted in
high-nsk patients (Sharma et al, 200%). In contrst 1o
hyponatremic encephalopathy, rapid comection has not been
assoctaled with myelinolysis. However, recurrent  episodes
muay lead to brain atrophy (Amodio et al. 2007).

Coexisience of hyponatremic and hepatic
encephalopathy

Various metabolic disorders cousing encephalopathy are
combined, rmther than occur in solation, especially in
critically il patients. This reflects the interaction among
varous organ systems, causing multiple metabolic derange-
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ments, Any metabolic dermangement may act synergistically
causing cncephalopathy.

Hyponatremia is frequent among cirrhotic patients due o
the difficulties in exereting solute-free water, an abrommal-
ity that reflects a reduction of effective cireulating volume
due to arterial splanchnie vasodilation, Sedium may be a
pood indicator of the intensity of this pathophysiological
disturbance. Several studies have shown a good corelation
between serum concentration and survival; patients with

hyponatremin have o poor survival compared with that of

patients without hyponatrem (Llwch et al. 1985y Hypo-
natremia is the expression of dilution of solutes due 1o
excessive waler retention and usually s accompanicd by
ascites. Ina sudy among patients with ascites it was found
that approsimately half of them had hyponstremiz and than
those with hyponatremia developed more frequently coms-
plications of cirhosis (Angeli et al, 2006,

The frequency of hepatic encepholopathy s increased
among paticnts with hyponatremia. In the previous study
(Angeli et al. 2006), the incidence of hepatie encephalop-
athy was associated with the levels of sodium in serum
(=135 mEqL:15%. 120=135 mEg/L: 24%. and <130 mEg/
L: 38 %) In another study in patienis with cirhosis, serum
sodiom concentration was an independent predictive actor
of electroencephalographic abnomaliies (Amodio el al.
2000y Two additional studies have shown that m patients
with advanced cirhosis a low serum sodium concentration
al the time of the procedure has been associated with an
inereased risk of the development of overt hepatic enceph-
alopathy durmg follow-up (Guevara of al, 2009), Further-
more, the presence of hyponatremia identifies those patients
with minimal hepatic encephalopathy that are more resis-
tand 1o reatment with lactulose (Shamma et al. 200%h)

Astrocyte swelling: the commaon link
between hyvpomatremic and hepatie encephalopathy

Expennmental studies have shown that chronie hyponatremia
exacerbates brain edema induced by ammonia (Cordoba et al,

Fig. 1 Schematic representation

of changes in astrocyle volume Astrocyles
and osmotic response in hypo-

maitrermic encephalopathy and in

combined hyponatremic and Crsmuoityies
hepatic encephalopathy. The de- -
crease in intracellular osmolytes "ree
secondary 10 hyponatremia o
diminishes the capacity to re-

spond to an additional osmatic
challenge
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1948}, This exacerbation of edema can be explained by the
los= of organic esmolyies induced by chronic hyponatremia
(Fig. 1) Astrocyles respond lo chonges in intm or extr
cellulur osmolality by inereasing or decreasing the number of
psmotic active solutes inside the cell (MeManus et al. 19955,
Astrocyles are the cells prominently involved in hypona-
tremic and hepatic encephalopathy. It is plausibke that any
change in the state of cell hydration induced by a decrease
in extracellular sodium or an increase in imracellular
glutomine activates compensatory mechanisms and in-
crease the risk of astrocyie swelling in front of an additional
OSMIHIC Siress,

The histological picture in adequately fixed preparations
of experimental models of hepatic encephalopathy shows
astrocyte swelling, Alzheimer wvpe [ astrocyiosis 15 found
in the brin of patients that die with hepatic encephalopa-
thy. These cells, which exhibit an enlarged and clear
nucheus with the chromatin displaced 10 the side, have
been considered the expression of astrocyie swelling in
brains hxed under immersion. The degree of Alzheimer
type Il asirocytosis has been related o the severity of
enceplatlopathy { Norenberg 1996 )

Astrocytes play a Key role in the maintenance of central
nervous system funclion by viriue of therr inleractions with
other neuronal cells. Astrocyles are involved in the
regulation of the extracellular microenvironment and
significantly influence neuronal excitability and neurotrns-
mission. A panicularly critical function is the upake of
glutamate, which allows terminating the peurotransmitler
action of glhilamate. An increase in astrocyle hydration and
low=grade cercbral edema is sulficient to wngger multiple
aliertions of astrocyie function, This resulls in a distur-
bance of ghoneuronal commuomcation and the chnical
picture of encephalopathy. Hyponstremia aggmvates briin
edema, a8 it exacerbates the differences of osmolality
between the inra-astrocytic and the extracellular compan-
ment. The decrease in extmeellular osmolality can be
compensated by a decrease in the intrcellular concenir-
tom of brain organic osmolvies, such as glutamine, myvo-
mositol or chaling uu;rm]'lmand!;, Crrrholic puli:;nl.b: with

Hypenatramis Hyponatremic+ hepatic
encaphalopathy encephalapathy
Compensatory Insufficient
reponse capacity of osmolic
— o* = compensation
[ N ]
™ .
o
|1t
o HO 'l'. :
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hyponatremm  exhibit larger decreases of myo-inosilol
{Restuceia et al, 2004) and according to the resulis of
amino acid challenge tests may have difficulties handling
an acute ammonia Joad (Shaweross et al. 2004]. Since
astrocyte swelling 15 induced by ammaoma, by ponatremia,
bemsodiwsepines or inflammatory cvlokines, such a mosdel
would explain why mither heterogencous conditions (e.g.,
bleeding, electrolyte disturbances, sedatives, infections) can
precipitate hepatic encephalopahthy in the cirrhotic patient.
Thus, multiple factors would act synergistically on the
common pathogenciic mechanism: glial swelling with s
functional consequences,

Management of hepatie encephalopathy in the presence
of astrocyvie swelling

Muaintenance of Muid homeostasis is critical to normal brain
function. Allertions m the extracellular concentration of
ehectrolytes hive direct consequences on neuroMMSMIsSion,
Thie identification of brain edem in cirrhosis leads to consider
measures that reduce it (or a8 least do not aggravate i) while
treatmg hepatic encephalopathy. Some of the factors that have
classically been considered o precipitate hepatic encephalop-
athy. such as ammonia load, infections or beneodiaeepines,
may act inducing sstrocyie swelling, Since there 15 no known
method to treat sstrocyte swelling, therapy is primanly aimed
al commecting precipitating (actors. A betier knowledge of the
mechamsms that induce astrocyie swelling may lead o new
drugs. Among them, antiosadanis are currently under inves-
tigation. In the meantime, it should be highlighted that water
and electrolyte management should be performed with
exIreme caiition.

In patients with acute hver failure and severe encephao-
lopathy, the increase in serum sodium concentration
achieved by the admimistration of hyperonic sodium
chloride was associated with a decrease in the incidence
and severity of episodes of intracranial hypenension in
companson with that in a control group of paticnis
receiving standard therapy alone (Murphy et al, 2004),

Rapid shifts in plasma osmolality should be avoided. In
patients with hepatic encephalopathy, ascites is  betler
treated with paracentesis than with diwretics. Onee hepatic
encephalopathy has been comrected. low-dose diuretics may
be presenbed, bul frequent monilonng is necessary 1o
detect changes in plasma electmolvies and to adjust the dose,
In general, curhobics exhibit better neurological funchion
when overhydrated than when debwdrated. Patienis with
encephalopathy appear 1o be extremely sensitive 1o changes
i effective circulatory volume, Expansion of circulatory
volume may explain the beneficial effects observed alfier
infusions of albumin (Jalan and Kapoor 2004}, Proiracied
diarthea secondary 1o lactulose or o indiscriminale use of
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encmas may worsen neurological function through exacer-
bating astrocylic edema.

Aquaretic drugs, currently under clinical mvestigation,
can correel hyponatremia In a study using salavaptan, the
comection of hyponatremia was associated with improve-
ment of neuropsychological tests (Cordoba et al. 2009),
Since, the severity of liver failure was not affected by
satavaplan, it could be concluded that chronic hyponatremia
had a direct effect on cognitive function, which may be
improved with the use of aquaretic. It may be worthwhile o
investigate in the future whether the admimstration of
vaptans could be an adequate stmtegy to decrease the nisk
of developing hepatic encephalopathy.
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ABSTRACT

Hepatic encephalopathy (HE) Is a common complication of liver failure that is
associated with poor prognosis. However, the prognosis is not uniform and
depends on the underlying liver disease. Acute liver failure is an uncommon
cause of HE that cammes bad prognosis but is potentially reversible. There are
several prognostic systems that have been specifically developed for selecting
patients for liver transplantation. In patients with cirrhosis the prognosis of the
episode of HE is usually dictated by the underlying precipitating factor. Acute-
on-chronic liver failure is the most severe form of decompensation of cirrhosis,
the prognosis depends on the number of associated organ failures. Patients
with cirhosis that have experienced an episode of HE should be considered
candidates for liver transplant. The selection depends on the underlying liver
function assessed by the Model for End-stage Liver Disease (MELD) index.
There is a subgroup that exhibits low MELD and recurrent HE, usually due to
the coexistence of large portosystemic shunts. The recurrence of HE is more
common in patients that develop progressive deterioration of liver function and
hyponatremia. The bouts of HE may cause sequels that have been shown to

persist after liver transplant.

Key words Hepatic encephalopathy, prognosis, acute liver failure, acute-on-

chronic liver failure, liver transplantation
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INTRODUCTION

Hepatic encephalopathy (HE) is usually interpreted as a sign of liver failure

and has ominous considerations. However, as for other complications of
cirrhosis (e.g. jaundice, hepatocellular carcinoma, hepatorenal syndrome.. ),
the prognosis of patients with HE is not uniform. Establishing the prognosis is
difficult and requires a precise assessment of neurclogical and hepatic
function{12). HE is characterized by a myriad of neurological manifestations,
diverse underlying liver disorders and a variety of precipitating factors(15); all of
them may affect prognosis. The approach to the patient with HE should be
performed according to the underlying disorders, as is recognized in the
classification (table 1). This article reviews the assessment of prognosis in
patients with HE, based on the underlying liver disease and the severity of
neurclogical manifestations. Unfortunately, the majority of studies have not
classified the patients according to the type of liver disease and the availability

of data in some areas is limited.

Liver disease | Tvpes | Subtypes Features
A-Acute liver Mewrological manifesiations include typically the presence of
tailure infracranial hypertension. The liver was previously healthy, the
patient has the possibility 1o completely regenerate and recover
- the fiver function

B-Portosystemic Neurologecal manifestations secondary fo lange poriosysiemic
by-pass shunts that may be congenstal or surgical induced. There is no
imidertying Iner dissass.
Tabile 1: C-Cirrhosts Epmodic] | Precipdated | Secondary 10 gastrontestnal haemonhage, constipaton,
Classification of excessive protein inlake, infection, renal failure, dehydration,
elactrolyle disturbance.
Spontanacus | Without recognized precipiating factors. Usually associated
Encephalopathy * with large portosystemic shunds {spontaneous, surgical, TIPS)
Persestent | Mad Chinonic cognitrse: oo motor manifestabions thal impact
negatnely on social and occupational activities but do not
cause depandency
Severe Chionic manifestations thal cause dependency (dementia,
parapleqia, parkinsanism...)
Mirimad Cognitve disturbances detecled by neurcpsychological or
neurophysiological tests that are not evident in the standard
neurclogical xamination
* The dassificaion is based on the consensws of Viennal15).
§ The term recurrent HE refers 1o patients that have expanisnced more than 2 episodes of HE within the last si
months

Hepatbic

ACUTE LIVER FAILURE
The development of HE in a patient that was previously asymptomatic should

prompt the diagnosis of acute liver failure (ALF). This is a rare condition in

m
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which rapid delerioration of liver funclion results in altered mentation and
coagulopathy(37). The presence of HE is a requirement for the diagnosis; in
other words, ALF cannot be diagnosed in the absence of HE. The most
prominent causes of ALF are drug induced liver injury, viral hepatitis,
autoimmune liver disease and shock(34) However, approximately 20% of
cases have no discernible cause(24).

ALF often affects young persons and carries a high morbidity and mortality. It
is unclear why some patients with the same apparent degree of severity and the
same aetiology of liver failure have different outcomes. Indeed after the
occurrence of encephalopathy, ALF patients can die without liver
transplantation while others will recover either in a few hours or in a few days.
Prior to transplantation, most series suggested less than 15% survival; liver
transplantation has made it possible to achieve survival greater than 65%{24).
The prognosis of ALF depends on many factors. The most important are age,
aetiology of ALF and clinical and biological status on admission and at the peak
of deterioration.

ALF can occur through distinct pathways according to aeticlogies; there is
probably more than one mechanism responsible for ALF. High level
spontaneous prognosis withoul liver transplantation (>50%) is seen in patients
with paracetamol overdose, acute hepatitis A infection, liver shock, and
pregnancy- related ALF. To the contrary, prognosis is poor in patients with ALF
due to indeterminate causes, drug-intoxication other than paracetamol, hepatitis
B virus (HBV) infection, autoimmune hepatilis, Wilson's disease, and Budd-
Chiari syndrome.

There are several prognostic systems that have been specifically developed for
selecting ALF patlients for liver transplantation(d43). Overall, such prognostic
scores have proven to have acceptable specificity but have low sensitivity to
determine outcome, Since the currently available prognoslic scoring systems do
not adequately predict outcome and determine candidacy for liver transplant the
decision to proceed to liver transplant could not rely only upon them(37). Each
centre should establish its own transplant policy according to local epidemiclogy
and experience and use the prognostic criteria as a tool, but not as definitive
criteria. A flexible use of them with continuous monitoring seems to be the wiser
approach. There is no unanimously accepted prognostic system. The most

v
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widely used are the King's College critena(33) and the Clichy-Villejuif criteria(i)
(table 2). The King's College criteria have shown positive predictive values
ranging from just below 70% to nearly 100% and negative predictive values
ranging from 25% to 94%(247). The Clichy-Villejuif predicted death in acute
viral hepatitis cases with a positive predictive value of 82% and a negative
predictive value of 98 but subsequent studies have shown these critena to be
less accurate than King's College criteria in predicting outcome(25),

The neurclogical status influences survival, severe HE (grade 3-4) upon
admission and during hospitalization is a significant determinant of poor
outcome(24). For this reason, some centres have decided to use the severity of
HE as a main determinant to select patients for liver transplant(9). Advanced
HE is a marker of the severity of liver function and of the presence of
intracranial hypertension, a common complication of ALF that is responsible for
an important number of deaths secondary to brain herniation. Recent studies
have shown that the concentration of ammonia in plasma can be used to predict
the development of intracranial hypertension, which may help to select patients
who should undergo intracranial pressure monitoring. The risk of brain
hemiation is higher for plasma ammonia concentration above 200

microM/L{57).

Table 2: Clichy-Villejuif | Age Criteria

Prognostic Under 30 years: | HE stage 3 or 4 + factor V <20%

ciiterla for Over 30 years: HE stage 3 or 4 + factor V <30%

satents win | 1IDG'S College | Aetiology Criteria

ALF Paracetamol - Lactate >3.5 MmollL,
- Arterial pH <7.3, or lactate >3 mmollL after adequate
volume resuscitation
of

- HE slage 3 or 4 + creatinine =300 mem/L + INR >6.5
Mon-paracefamol | - INR =67

or any three of the following:

- drug toxicity or indeterminate cause
- age <10 or =40 years

- jaundice to coma interval =7 days

- bilirubin >300 mem/L

-INR >35

1'.!
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ACUTE HE IN CIRRHOSIS
The importance of HE in determining the prognosis of patients with cirrhosis

has been acknowledged in the most widely used system that assesses the
severily of liver failure: the Child-Pugh scoring system. However, the experience
with patients that have undergone portosystemic shunts or Transjugular
Intrahepatic Portosystemic Shunts (TIPS) showed that the development of HE
in these patients is independent of survival, Clinical experience also indicates
that there is a subgroup of patients with cirrhosis that in spite of developing
multiple episodes of HE have a long-life. In accordance to these experiences,
the MELD score, which has replaced the Child-Pugh system in the selection of
patients for liver transplant, does not include HE.

Patients with cirrhosis presenting with acute HE should undergo a diagnostic
process that assesses the presence of precipitating factors and the severity of

liver function (figure 1).

Figure 1: The assessment of a Cirrhosis + acute EﬂEEphﬂlﬂp t
patient with cirhosis and a i
acute change in mental stale 5 e rﬂ'.-i
) earc precipitating factors
s B R 1. History+ physical exam: explore signs of gastroitestinal
investigaling the esistence of 5 Hﬂﬂ'ﬂ“ﬂ infection (fever, Wﬁiim
precipitanting factors. The 4, Lﬂmmuﬂnmﬂmwm
assessment should be ; mzmuuumll | imr a :E: or other body fluids (if abnormal)

completed with blood tests and
imaging studies that evaluate

[iyer function and 1.  Hislory+physical exan: signs of complications of cirhasis
2 Basic analysis: bilirubin, albumin, prothromisn, AST, ALT
portosystemic circulation 3. Imaging of liver and partasystenic circulation: CT, MR

Il

Liver function and portosystemic circulation

According to the results the v '} Sy
patients are cassified as a) | Acute-on-chronic fiver failure Episodic HE Terminal
gpisodic HE b} acute-on- | sFackr hat induces infry (akohol, » Priat 4o HE- gocd + Prior o HE: low

nlection | performance stafus performance stals
chronic ver failure of c) R " 8 wedd -
terminal liver disease, and | uJmundice lubin > Smodi) Incior or Iarga-ponosystemic oF Sevare ciThasis

It is possible to classify patients according to underlying liver disease and the
previous performance status. For those with hepatocellular carcinoma (HCC),
the Barcelona Clinic Liver Cancer (BCLC) system is the most appropriate(30).
In patients with cirrhosis that have not developed HCC a classification in stages
has been proposed according to the presence of ascites and varices{14). These

VI
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stages have been established by combining data from 2 large natural history
studies, recently refined by the results of an analysis of the prognostic

significance of infection in cirrhosis (figure 2)(3).

Figure 2. Clinical outcome in

: 2
cirrhosis and classification in

five stages according fo the g =

presence of cirrhosis, varices
and sepsis. stage 1 without
varices or ascites, stage 2 with
vances and without ascites,
stage 2 with asciles + varices
and stage 4 with bleeding =
ascites. Mortality at 1-year
increases in each stage, The
development of sepsis is mora
likely in stages 3 and 4 and the
risk of dying is higher. This
situation is purposed as stage
5 {modified from Arvanili V et

Com

Decompensated

=

Btage 1

51300 2

--iﬂ-tl-mI ]

Shage 4

Hian G|

al (3)).

In this classification stage 1 is defined by the absence of ascites and
oesophageal varices (mortality at 1 year. 1%), stage 2 by the presence of
cesophageal varices without bleeding (increase in morality: 3%), stage 3 by the
presence of asciles with or without oesophageal varices (increase in mortality:
20%) and stage 4 by the occurrence of variceal bleeding with or without ascites
(increase in mortality to 57%). Newly proposed slages 5 (development of
infections) and & (hepatorenal syndrome) define stages of more advanced
severity, Interestingly, HE is not present in any of these stages, indicating that
while HE is frequent at the time of death, is not a reliable indicator of prognosis
in cirrhosis. This may be explained by the role of portosystemic shunting in the
pathogenesis of HE and by the presence of precipitating factors that may
directly affect prognosis.

ACUTE-ON-CHRONIC LIVER FAILURE
A major pathogenic element in the development of HE is the presence of

portosystemic shunting, which may be intrahepatic or extrahepatic(12). Severe

VI
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liver diseases cause intrahepatic shunts due to endothelization of sinusoids and
insufficient liver mass. They are recognized by the development of
coagulopathy (longer prothrombin time) and jaundice (high bilirubin). The most
characteristic extreme example of this situation is acute-on-chronic liver failure
(AOLF) and terminal ieversible cirrhosis secondary to advanced HCC.
Patients that develop HE as the final evenl of liver failure are usually identified
in this terminal situation before the occurrence of HE; they develop a
progressive decline in their quality of life and show a poor performance status
for weeks before the development of HE

AOLF has been coined to refer to a situation that is poorly defined: severe
liver failure that develops in a relatively short period of time (typically less than 4
weeks), secondarily to a precipitating event (e.g. acute alcoholic hepatitis), in a
patient with previously compensated cirrhosis(26). The severity of liver failure is
recognized by high bilirubin, prolonged prothrombin time and the development
of failure of other organs (kidney failure, hypotension, respiratory failure._.).

Patients with AQLF are critically ill and are usually managed in a critical care
environment. Due to the lack of diagnostic criteria, the prognosis of AOLF has
not been specifically studied. In a population that probably corresponds to
AOLF (cirrhotic patients with MELD >18 and signs of systemic inflammatory
response) the in-hospital mortality is around 50%(10,53).

The most important factor that determines prognosis in AOLF is the
development of multiorgan failure. Scoring systems that have been developed
for critically ill patients (SOFA, APACHE Il and Ill) have shown a better reliability
than the Child-Pugh or the MELD to identify patients with bad prognosis. These
systems provide operational criteria lo define exira-hepatic organ failure, It has
been shown that patients with 2 organ failures or undergoing the arificial
support of 2 organic systems have a high mortality (approximately 75%). This
mortality approaches 100% for 3 or more failing organs(55).

One important determinant of prognosis for patients with AOLF and severe
HE (grade 3-4) is the lack of improvement of HE during the first week of
treatment. This was clearly shown in a clinical trial that investigated the effects
of MARS (Molecular Absorbent Recirculating System) therapy for severe
HE(22). The study included 70 patients (MELD 30 £ 10) that were randomized
to receive MARS (up to 5 days) or standard medical therapy alone. Treatment

VI
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with MARS resulted in a more rapid improvement of HE and for those with
MELD>30 in a better 2-week survival. The authors found that in this population,
which had a predicted mortality above 75%, the two factors that were predictors
of a 4-week survival were performance of liver ransplantation and improvement
of HE by 2 grades in the 5 days study period.

In conclusion, patients with HE and AOLF have a bad prognosis and if
possible liver transplant should be a priority. For those awaiting transplant,
MARS could become part of a bridging strategy. Patients with AOLF that
develop more than two argan failure or exhibit lack of improvement of severe
HE after 5 days of treatment have a very poor prognosis. In this situation,
supportive therapies may be considered futile and the therapeutic efforts could
be limited.

EPISODIC HE

Episodic HE in cirrhotic patients is associated with short life expectancy. One
study that investigated survival after the first episode of HE found a cumulative
survival a one year of 42% and at 3 years of 23%(8). These resulls were
obtained in the 1990s in a liver unit with a large experience in management of
cirhosis. Since the data were obtained in a referral centre with a transplant
program, they may be biased towards more severe patients. However, the data
are in agreement with the results previously reported by other authors(11,46).
The authors proposed that the prognosis in cirrhotic patients developing HE has
not substantially changed during the last decades and that all patients that have
developed HE should be considered liver transplant candidates.

The outcome of HE in patients with cirrhosis that do not fulfil the criteria for
ACLF is usually determined by the precipitating factor. This concept proceeds
from the experience in clinical trials(7,51). The precipitating factor is a clinical
event that does not cause a direct injury to the liver or to the portal-systemic
circulation but is responsible for the acute change in the mental state.
Precipitating factors appear to act by increasing the generation of putative
toxins or enhancing the effects of the toxins on the central nervous system,
They are temporally related to the development of HE and their correction to the
re-establishment of consciousness. Several factors are traditionally considered
under this category (gastrointestinal bleeding, constipation, excessive prolein
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intake, dehydration, electrolyte disturbances, renal failure and infection), and
are thought to explain the majority of episodes of HE. However, a significant
number of episodes are not related to a precipitating factor(5).

Patients that have survived to an episode of HE should be evaluated for
liver transplant. The system lo decide if a patient is an appropriate candidate is
not different from the currently used in most centres. The prognosis after HE is
clearly related to the severily of liver failure. In the study by Bustamante(8) the
authors related survival to bilirubin, albumin, prothrombin time, urea and
potassium. This supports the use of MELD in deciding which patients that have
developed HE should undergone liver transplant. Nevertheless, one
retrospective study shows that HE provides additional prognostic information
than the one given by MELD(50). Future studies should confirm this finding,
before modifying the current transplant policy.

LARGE PORTOSYSTEMIC SHUNTS

The development of HE may be determined by large extrahepalic
portosystemic shunts. The experience with surgical porto-caval anastomosis
and with TIPS indicates that these are high-risk patients for HE. According to
studies in patients with TIPS, the progneosis in this situation, as in patients
without TIPS, is determined by parameters of liver function that are included in
the MELD(31). The development of severe HE (grade 3-4) is associated with a
higher degree of mortality, probably because identifies hospitalized patients with
a severe decompensation{30). Interestingly, the prognosis is better in patients
with TIPS than in those without TIPS, supporting the nolion than in the
presence of large portosystemic shunts the severity of HE is less important than
in the presence of other precipitating factors.

There is a group of patients with cirrhosis and large spontaneous shunts
(non-procedural shunts). The prognosis of these patients appears to be similar
to the one of those that have undergone procedural shunts(13), Patients with
large spontanecus shunis are usually characterized by good parameters of liver
function and do not fulfil the criteria for liver transplant. Large shunis may be
suspected by a history of frequents episodes of HE, lack of variceal
hasmorrhage and relatively preserved liver function (lack of coagulopathy and
jaundice){40). These patients should undergo imaging of the portosystemic
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circulation. The survival of patients with large spontansous portosystemic
shunts has not been specifically investigated. The experience in patients with
surgical shunts suggests that this condition has a much better outcome than the
development of HE in the absence of large shunts.

RECURRENCE OF HE

HE is characterized by its elevated lendency to relapse; it has been

estimated that approximalely half of the patients that survive to an episode of
HE will recur during the following year(48). One of the factors that have been
proposed lo dentify the subjects that will suffer a new episode of HE 15 the
presence of minimal HE. However, part of the prognostic significance can be
attributed to the presence of more severe liver failure among patients with
minimal HE{21). The combination Child-Pugh B/C and minimal HE, detected by
electroencephalogram (EEG){(1) or by critical flicker frequency (CFF)(42)
identifies those patients at a higher risk of recurrence,

In patients with minimal HE the presence of a high ammonia value after an
oral glutamine challenge is associated with the development of HE(43). This
finding was explained by a higher activity of intestinal glutaminase, an enzyme
that is present in the intestinal mucosa and deaminates glutamine. The activity
of glutaminase may determine the hyperammonemia that follows the digestion
of proteins. One interesting observation has been the identification of specific
polymorphisms in the glutaminase gen that may increase the activity of
intestinal glutaminase and through this mechanism predisposes to the
occurrence of episodic HE in affected individualsi44). If confirmed, genetic
polymarphism should be included in the group of predisposing conditions. Apart
from identifying high-risk patients, the assessment of the polymorphism may
initiate the era of personalized medicine in the field of HE.

Several studies in cohorts of patients with advanced HE have demonstrated
that those variables that are more closely related to the occurrence of HE are
an increase in serum creatinine and a decrease in plasma sodium(19,28 39).
The most plausible explanation is a decrease in the capacity of the kidney to
remove ammonia and an increase in the susceptibility for the developing brain
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edema, a key component of HE. This finding has lead to propose therapies for
circulatory dysfunction to prevent the recurrence of HE.

Patients with procedural portosystemic shunts typically stop suffering
gastrointestinal bleeding, but develop HE. Approximately, one third of patients
submitted to a TIPS will experience HE(38). Mon-selective portal-systemic
shunts (porto-caval, mesocaval) produce more encephalopathy than do
selective shunts (distal splenorenal). However, selectivity of splenorenal shunts
is lost in the long-term. Elderly patients and those that have poor liver function
are al higher risk for post-shunt encephalopathy. There is no hepatic functional
test that identifies with confidence those individuals that will develop HE.
Reduction of the diameter of TIPS is associaled with improvement of HE.
Interestingly, patients with loss of portal perfusion before TIPS are protecied
against post-TIPS HE(23).

SEQUELS OF HE

The metabolic nature of HE described in the 1950s(36) together with the
observation of recovery between episodes led to the traditionally belief that HE
is fully reversible. Recent studies, most of them performed in transplanted
patients but also in cohorts of cirrhotic subjects, showed increasing evidence
that challenges this classical view.

In a recent study that included a large cohort of cirrhotic patients(4), the
authors found that those subjects that developed episodes of HE did not
improve psychometric parameters with repeated testing (lack of “learning
effect”). The same feature was observed with different psychometric tests in
different populations (28 41) confirming persistence of deficits after HE.

Since the implementation of liver transplantation (LT) it has been
demonsirated its ability to improves HE, even in patients with severe
manifestations(27 ,56). However, studies that  have assessed
neuropsychological function following LT found a heterogeneous outcome with
persistent cognitive deficits (18,32 49,52}, Many other factors can impact in the
postransplant cognitive funclion such as pretransplant (alcohol aetiology, prior
cerebrovascular disease), pertransplant (ischemia) and postransplant events
(immunosuppression, infections, stroke...). One study that performed a
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prospective assessment up to nine years after LT observed that cognitive

function at long-term was associated with vascular risk factors and signs of

small-vessel cerebral disease in MR images(17). However, these recent studies

support the notion that HE is associated with permanent seguels(18).

The origin and nature of these persistence deficits are not well known.

Different neurcimaging techniques have shown some degree of brain atrophy in

patients with chronic HE({29 58) as well as neuropathological studies(20). The

prevalence and the degree of atrophy were higher among alcoholic patients.
This feature could be explained by the fact that alcohol cause a dose-related
brain shrink which is parlially reversible with abstinence(35). A recent
prospective study performed in a group of patients before and after LT showed

an association between prior HE with postiransplant cognitive deficits (figure 3)

and smaller brain volume. In addition, the smaller brain volume after LT

correlated with lower levels of N-acetyl-aspartate/cr considered a neurcnal

marker (18). A plausible explanation for these finding is that the chronic

exposition to loxins involved in the pathogenesis of HE could cause loss of

brain tissue. This hypothesis

is supporied by

the neuropathological

demonstration of neuronal loss in the most severe cases of HE(16,54).

Figure 3: The development
af hepalic encephalopathy
i patents befora  liver
fransplantation is
associated with worse
cognitive funclion after
liver transplant ("p<0.05)
(Modified from Garcia-
Martinez et al (18))
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The concept that the episodes of HE may lead to irreversible decline in

cognitive function has important consequences. It has been recently shown that
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lactulose and rifaximin decrease the risk of the recurrence of HE (5,48). Thus,
secondary prophylaxis with these drugs 1s recommended to decrease the
number of further episodes of HE. Additional benefits may include preventing
neuropsychological decline and may extent to the post-liver transplant period. In
addition to this, is important to prevent “premature aging” of the brain by
identifying and treating vascular risk factors, such as diabetes meliitus and
arterial hyperension, and prescribing the minimal possible dose of
IMMUNOSUPressors.
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Abstract:

Furpose of review: Brain disturbances, which are considered a form of hepatic
encephalopathy are common in acute-on-chronic liver failure.

Recent findings: Patients with hepatic encephalopathy exhibit sings of energy
impairment that may participate in the development of disturbances in
neurotransmission. Ammonia participates in the genesis of brain edema and in the
development of oxidative stress injury to astrocytes, Meurcinflammation is a new
element that has been described in experimental models. These mechanisms are
involved in the genesis of cognitive sequels that may persist after liver transplantation.
Clinical trials have demonstrated the value of drugs that decrease the production of
ammonia in the intestines to prevent encephalopathy. In addition, improvement of
cireulatory dysfunction with the use of albumin and vasoconsfrictors may prevent
hepatic encephalopathy in acute-on-chronic liver failure. New drugs that act by
enhancing ammonia disposal through the synthesis of nitrogenous metabolites have
shown promising results,

Summary: A better knowledge of the pathoegenesis of brain disturbances in acute-
cn-chrenic liver failure provides the rationale for using ammaonia focused therapy in the
prevention and treatment of encephalopathy. New therapies addressed to correct brain
edema, circulatory dysfunction and inflammation may also be useful for
encephalopathy and may improve the neurological outcome.

Keywords: hepalic encephalopathy, acute-on-chronic iver failure, brain edema,

ammaon@, neuroinfiammation.
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INTRODUCTION

Disturbances of brain function are common in patients with acute-on-chronic liver
failure (ACLF). The most frequent manifestation is an acute confusional syndrome that
can evolve to coma. This neurclogical syndrome is usually considered a form of
hepatic encephalopathy (HE), due to its clinical resemblance to the neurclogical
manifestations present in patients with cirrhosis. In cirrhosis, the development of HE is
related to precipitating factors that increase the exposure of the brain to toxins. In
patients with ACLF, additional aspects of major pathophysiological importance are:
systemic inflammatory response, circulatory dysfunction and failure of other organs
that can cause directly disturbances to brain function. The current article reviews
recent findings in the pathogenesis of neurclogical disturbances, recent data on the
outcome of HE and better knowledge on the effects of different therapies.

DISTURBANCES IN THE BRAIN
Several alterations have besn described in brain in the satting of HE.

Disturbances in neurotransmission

HE is considered to result from abnormalities of neurotransmission. This
hypothesis is supported by potential reversibility of HE and the lack of neuronal
damage in histological preparations. Multiples disturbances in neurotransmission have
peen described, including the excitatory glutamatergic and inhibitory GABAesrgic
systems. One study showed, for the first time, that the increase in the GABAergic tone
induced by hyperammonemia relates to a specific disturbance in behavior(1). The
administration of a GABA blocker directly to the cerebellum restored the leaming
impairment present in rats with chronic hyperammonemia. However, the relevance of
neurotransmitter abnormalities was challenged by data from autopsied material.
Densities and affinities of multiple receptors were not homogeneous among different
patients that died with HE{2). There were regional abnormalities compared to controls,
but it was not possible to identify a specific pattern.

Energy impairment

The brain is the tissue with the highest energy requirements of the body and
depends entirely on the process of glycolysis and respiration within its own cells to
synthesize its energy demands. Patients with HE show a decrease in consumption of
oxygen and glucose that is accompanied by a parallel decrease in cerebral blood
flow{3). In patients with HE, the oxygen delivery is approximately twice the oxygen
consumption, indicating that oxygen delivery is not a limiting factor for oxygen
consumption. Consequently, cerebral blood flow seems to be reduced as a result of
diminished cerebral oxygen requirement during HE, and not vice versa. The primary
event in the pathogenesis of HE could be inhibition of cerebral energy metabolism by
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ammonia, but it is not possible to establish whether the decrease in oxygen
consumption is the cause or the consequence of encephalopathy. As in other
metabolic encephalopathies, a decrease in neurcnal function will decrease energy
requirements. Alternatively, ammonia may inhibit oxidative metabolism in mitochondria

and cause secondarily neuronal dysfunction(d).

Disturbances in energy metabolism may have an important role in the development
of brain edema in ACLF. Brain microdialysis has been applied to investigate energy
metabolites in patients with acute liver failure that had an intracranial catheter for
monitoring intracranial pressure(5). A high lactate/pyruvate ratio, an indicator of
impaired brain energy metabolism, has been demonstrated in the absence of hypoxia
and has been correlated to ATP degradation products. Possible explanations for these
findings include inhibition of rate limiting steps in the Krebs' cycle and compromised
oxidative phosphorylation in the mitochondnal inner membrane. Alternatively, newly
synthesized lactate may be induced by activated glycdlisis generated by excessive
glutamatergic activation (Figure 1). Irespective of the mechanism being involved,
lactate can decrease brain pH and cause injury to the astrocyte, leading to the

accumulation of water in the intracellular compartment(&).

Figure 1: Interaction between ammonia, the
giutamate-glutamine cycle and  anengy
metabalism In astrocytes and neurons.
Glutamate (Glu) is reuptaken by from the
synaptic cleft by the astrocyte (1) im
cofransport with Ma'(2). The excess Na© |s
interchanged with K~ through a Na/k pump
(3). Ammonium (MHs) enters the astrocyte
fraom blocd through passive diffusion and
combines 1o Glu to synthesize glutamine
(gin}, a reaction (4) that Is catalyeed by
glutamine synthetase (G5} Gin s
ramsported (0 the meunon  whense (8
transformed again to Glu, a8 major
neuratransmitter, and closes the glutamine-
giutamate cycle. Glucosa (gic) entars the
asirocyte from blood (&) and is transformed
Inte pyruvale (pyr) to produce ATF In
mitochondria. A significant amount of pyr is
tramsformed 1o lactate (lac) that ks shutiied
fo the neuron (). Lactaie reaches the
neuran where |s transformed into pyruvate
to provide ATP through the tncarboogilic
acld cycle (TCA)

Erain edema

Cerebral herniation secondary to brain swelling is a typical feature of acute liver
failure. Intracranial hypertension can be demonstrated with pressure-catheters in
patients with advanced encephalopathy before the development of specific signs
(pupillary abnormalities, decerebrated postures, bradykardia...). Sophisticated
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magnetic resonance technigues have demonsirated that cerebral edema develops in
ACLF, but usually to a lesser extent than in acute liver failure. The accumulation of
water is located in the astrocytes and is related to the effects of ammonia that is
metabolized into giutamine, It has been proposed that the transport of glutamine into
the mitochondria yields to high levels of ammonia inside the mitochondria and induces
oxidative stress. The administration of L-histidine inhibits competitively the transport of
glutamine and prevents brain edema in experimental models(7).

The development of brain edema relates to the intensity and duration of the rise in
plasma ammonia. However, other factors, such as multiple organ failure and
hyponatremia may enhance the risk of cerebral hemiation. According to a study in 87
patients with acute liver failure, clinically relevant brain edema is seldom sesn with
ammonia plazma concentration below 150 micromol/, except for patients with high
SOFA scores(3). Hyponatremia, a common finding in ACLF, may exacerbate astrocyte
swelling due to differences in osmolality between the intracellular and the extracellular
compartment(9). The enhancement of brain edema may be the explanation why
hyponatremia is the most important risk factor for the development of HE among
patients with advanced cirrhosis(10e). In cimhosis, hyponatremia is associated with
poor short-term prognosis. One study that included 126 consecutive cirrhotic patients
admitted to the intensive care unit (ICU) found a higher frequency of complications
and lower in-hospital sundval among those with sodium below 135 mEg/(11). The
treatment of hyponatremia with vaptans(12), which are a new family of drugs that block
the receptor of antidiuretic hormone may improve brain function. An additional factor
that may have a role in the development of brain edema in ACLF is an increase in
blood-brain-barrier permeability(13). A possible explanation is disruption of tight-
junction proteins in brain endothelial cells caused by the effect of inflammatory
mediators activated in ACLF(14).

SYSTEMIC MECHANISMS THAT AFFECT BRAIN FUNCTION

Liver failure causes increase plasma levels of several toxing (efficiently metabolized
by liver under normal conditions) that can reach the central nervous system where
cause brain disturbances. In addition, other factors commonly presents in liver failure
may deteriorate neurological function.

Ammonia

Ammonia has been historically considered the most important factor in the genesis
of hepatic encephalopathy. In normal conditions, ammonia is produced by the gut and
an important amount is of bactenal orgin (Figure 2). A large fraction of ammonia
produced in the intestine is produced from the deamination of glutamine by
glutaminase. This enzyme has become the focus of major interest, because the
concentration of ammonia in peripheral blood in patients with cirrhosis relates to the
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activity of intestinal glutaminase. In addition, Romero-Gomez et al. found that specific
polymorphisms in the glutaminase gene identify patients at a higher risk for the
development of HE{15#e). They performed mutation scanning of the glutaminase
gene in a group of 109 patients with cirrhosis and identified a section in the promoter
region where base pairs were repeated (a microsatellite). The association betwesan 2
long alleles of the microsatellite and HE was confirmed in a validation cohort of 177
patients (adjusted hazard ratioc 3.1). Functional studies showed higher luciferase
activity in cells transfected with the long form of the microsatellite, supporting the
concept that the long microsatellite enhances glutaminase transcriptional activity.
These results may be useful for designing biomarkers to identify patients at higher risk
for HE and suggest that the administration of inhibitors of intestinal glutaminase may
become a new therapy for HE.

Flgure 2. Inter-organ ammonia frafficking
and metabolism. Ammonia is generated in
gut from nitrogenous compounds from the
diet, deamination of glulamine by
glutarminase and metabolism of nitrogenous
substances by colonic fNora. Nommally,
ammicnia 5 matabollzad in the liver, Portal-
gsyslemic shunis and liver fallure cause a
ris& in blood ammonta that may affect brain
functian by Inducing saveral disturbances n
estrocyies that may Impair mitochondria
and the glutamate-glutamine irafficking
between neurons and asbocytes. Muscle is
capable to decrease blood ammonia by
mefabolizing ammania te glutamine. Kidnay )
has also an important role by excreting urea Lona|
in the uring and ganarating ammonia.

MH:: ammenia, Giu: glulamate, Gin:

glutamine, GMASE: giutaminase, BEBEE:

blood-brain-barriar.

Patients with HE have an increased diffusion of ammonia into the brain. It has been
hypothesized that there may be a specific increase in the permeability of the blood-
brain-barrier, One study examined cerebral perfusion and ammania metabolism with
positron emission tomography in patients with different grades of liver fibrosis and did
not find changes in the permeability to ammonia(16). Thus, the higher diffusivity is
simply explained by a higher concenfration of arterial ammonia. Ammonia levels are
high in patients with HE, specially among those with large portosystemic shunts. The
identification of these shunts may be specially relevant among some patients, as
shown by the demonsftration of episodic HE after liver transplantation, in spite of
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normal liver function, in patients with persistent portosystemic shunts{17). Occlusion
of the shunts may be a valid approach to freat resistant HE. In patients with
transjugular intrahepatic portosystemic shunt (TIFS) the diameter may be reduced
with hourglass-shaped expanded polytetrafluoroethylene (ePTFE) stent-graft(18).

Inflammation

Patients with ACLF develop frequently a marked activation of inflammatory
mediators. The presence of a systemic inflammatory response syndrome (SIRS) has
been linked to the development of HE. In a study that included 100 patients admitted to
the ICU, of whom half of them developed progressive multiorgan failure and died, the
SIRS score and Sequential Organ Failure Assessment (SOFA) score were
gignificantly higher in those with grade 4 HE, who were also less likely to survive(19).
The activation of inflammatory mediators, such as cytokines, may modulate the effect
of neurotoxins on the brain or signal the brain through the activation of vagal afferents.

A completely new concept is the induction of inflammation in the brain. Activation of
microglia and the synthesis of proinflammatory cytokines in the brain has been
demonstrated in experimental models of HE(20). Activation of inflammation may
increase blood-brain barrier permeability, result in the generation of intracerebral
mediators, such as nitric oxide and prostanoids and cause astrocytic swelling. These
observations may have therapeutic implications. Hypothermia, which is a therapy that
is used In resistant intracranial hypertension, may act by decreasing
neuroinflammation{21e). There are a series of anti-inflammatory drugs that may be
effective for decreasing neurcinflammation and may improve the outcome of HE In
ACLF(20:22) .

OUTCOME

HE is usually interpreted as a sign of liver failure with ominous consequences.
However, as other liver failure complications, the outcome is not uniform and is
intimately related to the underlying liver disease.

Prognosis

The most important factor that determines prognosis in patients with ACLF and HE
is the development of multiorgan failure. Scoring systems that have been developed
for critically ill patients (Acute Physiology and Chronic Health Enguiry ~—APACHE- Il
and Ill, SOFA) have shown a better reliability than the Child-Pugh or the Model for
End-Stage Liver Disease (MELD) to identify patients with bad prognosis. As shown in
a retrospective analysis of seventy-one patients with HE admitted to the ICU, the
presence of arterial hypotension, use of vasopressors and acute renal failure identified
those patients that exhibit higher mortality, Patients with isolated HE (without other
signs of organ failure), even requiring intubation, have lower mortality rates(23). Lack
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of improvement of HE during the first week of treatment is usually an ominous sign.

For this reason, it is important to perform a continuous monitoring of the mental status,

which can be done with the West-Haven criteria or the Glasgow Coma Scale, The

Hepatic Encephalopathy Scoring Algorithm (HESA) is a system that provides an

obijective assessment of the cognitive parameters present in the West-Haven Page | VIII
criteria(24). The HESA allows a more reliable assessment of the severity of HE, which

is especially useful for multicenter clinical trials.

Sequels

The exposure to neurctoxins involved in the pathogenesis of HE may cause loss of
brain tissue, which may explain the persistence of neuropsychological deficits after the
episodes of HE(25.26). Neurocognitive abnormalities can extent to the post-liver
transplant period, as was documented in a group of liver transplant recipients(27ss).
Theose that had suffered from overt HE prior to liver transplant exhibited lower cognitive
perfoormance. This cbservation was corroborated in one study that investigated
prospectively cognitive function and brain size after liver transplant. In addition to worst
cognitive function those that developed episodes of HE before liver transplant showed
smaller brain volume(28).

IREATMENT
Treatment of HE requires a supportive therapy which is common to those patients

with altered cognition level, decrease in plasma levels of toxins and treatment of
precipitanting factors and other common elements in liver cirrhosis which can impair
brain function.

Decreasing the production of gut toxins

The goal of the treatment of HE is to increase fecal nitrogen excretion, reduce the
generation of ammonia by fecal flora and decrease the amount of ammonia that
reaches portal blood(29). Another possible beneficial effect is reducing translocation
of intestinal bacteria that activate inflammatory mediators, worsen hemodynamic
parameters and favor the development of HE(30). Two large clinical trials in patients
with stable cirrhosis(31.32«#) have shown the value of modifying the gut flora in the
prevention of HE (table 1).
In spite of the absence of similar clinical trials, the same principles appear to be valid
for ACLF. It seems recommendable to prescribe preventive therapy for HE in patients
admitted for ACLF. Non-absorbable disaccharides (lactulese and lactitol) are
prebictics that increase the amount of microorganisms thought to be healthy in the
enteric flora, such as lactobacillus bifidus. Probiotics, achieve the same effect by
directly administering a mixture of live microorganisms. Both have shown similar
efficacy in decreasing blood ammonia and improving minimal HE(33). Rifaximin is a
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minimally absorbed oral antimicrobial agent that reduces ammonia-producing enteric
bacteria and appears to be safe for prolonged therapy, Combination of lactulose and
rifaxamin may exert some synergism. However, it is not known, if rifaximin is necessary
if the patient receives broad-spectrum antibictics, as is commonly prescribed in
patients with ACLF due to concomitant infections.

Table 1: Clinical trials for the prevention of HE in cirrhosis

Page | IX

Study Patients Treatment Qutcome

Bass MM et al.(32e¢#) | Cirrhosis + 2 a} Rifaximin 550 mg bid | Rifaxamin reduced the
episodes of HE in | b) Placebo bid risk of an episode of HE
the previous & 0% patients were treated | over a G-month perod
menths with lactulose that was {from 46% to 22%. HR:
(=299 alizwed in bath arms 0.42)

Sharma BC et al.(31) Cirrhosis who a) Lactulose Lactulose reduced the
recovered froman | b) Placebo recurrence of HE overa
episade of HE median follow up of 14
(n=140) monthe {from 47% to

20%%)

Circulatory dysfunction

Patients with ACLF exhibit circulatory dysfunction characterized by low arterial
pressure, low peripheral vascular resistance and high cardiac index(34). Exacerbation
of circulatory dysfunction is an important precipitating factor of HE(10). A low
concentration of plasma albumin has been associated with the development of
circulatory dysfunction, The benefits of the administration of albumin in the prevention
of circulatory dysfunction after large volume paracentesis or spontanecus bacterial
peritonitiz have been attributed to the oncofic effects of albumin. However, albumin
has important anti-oxidant effects that may relevant in ACLF. One study that included
34 patients with ACLF measured the functional capacity of aloumin using electron
paramagnetic resonance spectroscopy(3Se). The study found marked impairment of
the albumin function, suggesting changes in the structure of the molecule. These
abnormalities correlated with disease severity and prognosis. These findings provide
the basis for investigating the use of albumin, alone or combined with
vasoconstrictors, in the treatment and prevention of HE in patients with ACLF.

Mew therapies

The ability of the muscle to *fix" appreciable amounts of blood-borne ammonia
becomes important to regulate arterial ammonia in case of liver failure and highlights
the importance of maintaining an adeguate muscle mass. L-omithine-L-aspartate
(LOLA) and omithine-phenylacetate (OP) provide substrates for glutamine synthesis
and appear to stimulate the synthesis of glutamine in muscle. LOLA, which is available
in several countries, has been investigated in patients with acute liver failure in a
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placebo-controlled trial that included two hundred one patients({36). The administration
of LOLA did not improve survival and had no effects on plasma ammonia and HE. One
explanation for the negative results could be the severity of liver failure, which may limit
the efficacy for therapies based on decreasing plasma ammaonia through the synthesis
of glutamine. An alternative explanation, is that the newly synthesized glutamine is
recycled in the intestine, where is transformed into glutamate and releases ammonia.
OF provides phenylacetate (part of the OP molecule) which reacts with glutamine to
synthesize phenyl-acetyl-glutamine that is eliminated in the urine and avoids the
recycling of glutamine. OP, which is at initial phases of clinical development, has
shown encouraging results in experimental models(37es).

CONCLUSION

ACLF causes an increase in the exposure of the brain to several substances that
under normal circumstances are efficiently metabolized by the liver, those that have a
high “first-pass” metabolism are the most important, as shown by the important role of
portal-systemic shunting in the development of HE. Erain disturbances in ACLF
include abnormalities in the neurotransmission, energy impairment, brain edema and
neurcinflammation. HE is a2 manifestation of severe liver failure; its treatment cannot
be separated from the treatment of liver failure, which requires a series of supportive
measures, including the general management of a patient with change in mental
status. Measures specifically designed to treat HE appear to be beneficial, although
many of them have not undergo proper assessment in clinical trials. Current therapy is
focused on decreasing blood ammonia. Comection of circulatory dysfunction with
glbumin and vasoconstrictors and improvement of hyponatremia with vaptans may
improve HE and may become standard therapies in the future.

KEY POINTS

- Disturbances of brain function are very commaon in ACLF.

- Impairment of brain energy and development of brain edema appear to be central in
the pathogenesis of encephalopathy.

- Recent data suggest that neurcinflammation may have a significant role in brain
disturbance

- Ammonia-focused therapy constitutes the basis of current therapy, supported by
recent large clinical trials.

- Emerging therapies include therapy for circulatory dysfunction, correction of
hyponatremia with vaptans and new drugs for hyperammonemia.
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6. Discussion

Hepatic encephalopathy is a common complication of liver
cirrhosis and its pathogenesis is incompletely clarified. Although many
advances in recent years have led to a better understanding of the
disease, an in-depth knowledge of its cause is still awaited perhaps
partly due to lack of accurate methodology. The brain is not readily
available for pathological studies and the reproduction of the entire
syndrome in animal models is still unsatisfactory?®. Multiple obstacles

hinder further investigations in defining HE as a fully reversible disease.

The study of possible sequels of hepatic encephalopathy and its
structural basis were addressed in the present research using the
available non invasive technology. Essentially, this research confirmed
the improvement of cognitive and neuroradiological abnormalities related
to liver failure after LT which has been previously assessed.

Importantly, we observed a heterogeneous outcome in the cognitive
function and confirmed the association of HE with a worse neurological
function. In addition, we found a relationship between HE and smaller
brain volume which could represent a structural basis for this permanent
damage. Furthermore, an indirect measure of presence of neurons such
as N-Acetyl-Aspartate/creatine suggests neuronal cell loss.

It is worth noting that although these sequels are mild and in average,
the cognitive function in LT recipients is good, these defects could have
important implications as the subjects are also at risk of other

neurological insults.
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Cognitive function after LT
Previous studies performed in patients showed an improvement in the

neurOlogiCa|9,29,95,102,107,115,121,125

and radiological
abnormalities®*****? during the first year after LT. The same findings
were reproduced in our studies. We identified an improvement in all
the explored cognitive indexes during the first year post-LT in both of
our studies. However, we identified 2 patients in the first study and 7
in the second one who did not achieve a normal cognitive function.
The second study found that prior to transplant medical conditions
such as alcohol abuse, diabetes mellitus and prior HE were linked a
worse posttransplant neurological status. The assessment performed
at long-term (nine years after LT) indicate that after 1 year, the
neurological function remains stable unless posttransplant de novo
comorbidities impair the cognition. In fact, the prevalence of vascular
risk factors in this population is high and the patients are at risk of

cardiovascular events®383106.150

So, the patients with the most
prominent expression of small vessel cerebrovascular disease
(largest increase in WMLS) exhibited a neurological deterioration in
the long-term follow-up period with memory decline. An accumulation
of cardiovascular risk factors was significantly higher among these
subjects. In summary, prettransplant conditions and post-LT events
influence the cognitive outcome (figure 9).

There are important limitations in these studies. As the neurological

function after LT is affected by several factors, it is difficult to assess

each condition separately. As a result, estimation of the burden
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Figure 9.

Evolution of cognitive
function after LT. An
improvement associated
to the correction of liver
failure during the first
year is expected.
Accumulation of
pretransplant conditions
increases the risk of
permanent sequels.
After 1 year, the
cognition is stable
unless de novo
postransplant
comorbities impair the

neurologic state.
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of HE on the posttransplant cognition is difficult to ascertain. From our

results we can conclude that presence of HE is linked to a permanent
impairment of mainly motor function.

On the other hand, other factors that could affect cognition may not
have been properly investigated in our studies, in part due to
methodological difficulties. Perioperative ischemia and changes in
brain fluxes could also harm brain structure and function.
Posttransplant neurological events (seizures, central nervous system
infections, other metabolic encephalopathies...) may also be
responsible of neurological outcome. Immunosuppressive drugs may
directly cause cognitive impairment. All the participants in our studies
consumed immunosuppressive drugs. However, different regimens or
plasma levels were not associated with the brain function. Although

we cannot exclude their participation, our results suggest that HE

increase the susceptibility to persistent deficits.
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Brain volume (BV) after LT

Neuroimaging techniques used in human studies with diseases
characterized by cognitive decline revealed different abnormalities
providing the structural basis for the neurological dysfunction.
Two-dimensional measurement of ventricular size is an indirect
measure of brain volume in the absence of hydrocephalus®®® . In the
longitudinal assessment performed in the group of 22 patients (study
I) we observed an enlargement of lateral ventricles at short and long-
term after LT. In parallel we observed an improvement in the
neuropsychological function at short-term and a stable function at
long-term  with deterioration in the subgroup with higher
cardiovascular risk suggesting different pathogenic mechanisms.
There is a growing body of evidence that imply the presence of low
grade brain edema in cirrhosis which improves with liver transplant
39.08,70.84112,126.139.146  Oyr results are in concordance with these
findings. The resolution of low grade brain edema is the most
plausible explanation for the decrease in the brain volume with
improvement of neurological function. After one year the decrease in
the BV was related to the age of the patients and the cerebrovascular
disease indicating that an appropriate treatment of the cardiovascular
risk factors could be useful in preventing the cognitive decline.
Interestingly, we observed a smaller BV in the patients compared with
healthy controls matched by age. However, we did not find any
association with prettransplant conditions in this relatively small

cohort. In the second study, an accurate MR volumetric method*>"**
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linked the prior HE to the posttransplant normalized BV. So, patients
with prior HE exhibited a smaller posttransplant normalized brain
volume compared with those without prior HE and with same age.
The lack of longitudinal assessment together with other factors such
as ischemia and immunosuppression that may have not been
adequately investigated in this study makes us to interpret this finding

|18,101,173 and

with caution. Nevertheless, prior neuroradiologica
neuropathological®®®* studies described the presence of brain atrophy
in cirrhotic patients even in those with no history of alcohol abuse.

Our results are in agreement with the previous reports and support

the notion that HE causes loss of brain parenchyma.

Role of HE in the cognitive function and brain volume after LT

The findings of this research indicate that HE is associated with a
permanent detrimental effect on the cognitive function. In the same
group of patients, HE is associated with a smaller normalized brain
volume. To the best of our knowledge this is the first report that
defines a link between HE and permanent functional impairment at
the same time with a smaller BV. In spite of the limitations of this
research that requires further investigations, this study support the
hypothesis of a permanent damage associated with HE due to loss of
brain tissue. The relationship between the smaller brain volume and
the lower concentration of N-Acetyl-Aspartate/creatine (NAA/Cr)

indicate that neurons are involved in the decrease of brain volume.
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NAA is synthesized from aspartate and acetyl-coenzyme A in
neurons and is involved in synthesis of myelin by oligodendrocytes

and bioenergetic metabolism of neuron in mitochondria'*® (Figure 10).

Figure 10.
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NAA is considered a neuronal marker that indicates presence and/or
function of neurons. It has been demonstrated that there is a

decrease of NAA/cr in several neurodegenerative diseases as

31,98

86,168 21,166 or

Alzheimer disease , multiple sclerosis™ ", epilepsy

stroke®*,

Loss of neurons in HE is the most plausible explanation for the results

of this research and this is supported by the following evidence:
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a. Mechanisms of neuronal cell death are activated in HE.

Oxidative/nitrosative stress and mitochondrial dysfunction
may lead to cell death as was shown in multiple
neurodegenerative process’®. Evidence for their activation in
liver failure’® and their participation in HE*"** derive from
human observations®®, animal studies® and cell culture
investigations®.

Energy impairment and increased of brain lactate®**®°
demonstrated in brain during liver insufficiency could be
implicated in neuronal cell death®.

Inflammation have been involved in the progression of

I'** and neurodegenerative diseases*® by an

neurologica
exacerbation of local process that may lead to cell death. In
liver failure, systemic inflammation exacerbates neurotoxicity
induced by ammonia®***®, On the other hand,
neuroinflammation and microglial activation participate in the
pathogenesis of neurodegenerative diseases’® and have

been recently reported in animal models of HE'*. Treatment

with anti-inflammatory drugs suggests a protective action®.

These mechanisms of cell death existing in HE may act

synergistically?’ as have been reported in cultured rat

astrocytes®®.

b. Demonstration of neuronal cell death in other neurological

manifestations of chronic liver disease®®. Loss of neurons in

chronic liver failure has been reported in acquired hepatocerebral
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degeneration and cerebellar degeneration in absence of alcohol
abuse. Almost all the reported cases to date of AHCD had
suffered repeat episodes or a prolonged single episode of coma
prior the pathological study. If not all, many of the pathogenic
mechanisms involved in these entities are present in HE.
Fortunately, the neurological irreversible damage associated with HE is
small and the sequels of mild intensity. However, this concept can have
important implications:
= The classical consideration of HE as a pure gliopathy should be
revised.
= In patients in the waiting list for LT (in risk of other posttransplant
neurological insults), the reduction of neurological damage in the
prettransplant stage could be beneficial. Those patients with low
MELD score and comorbidities could be specifically helped. The
actions include re-evaluation of LT priority in cases of same
expected survival and promote preventive therapies.
= In patients who are not transplant candidates, implementation of
preventive therapies such as nonabsorbable disaccharides**’ or
rifaximin®™ may prevent the cognitive decline.
Development of new drugs addressed to treat or prevent development of
HE would be useful in the prevention of cognitive decline and improve

the quality of life in cirrhotic patients.
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7. Conclusions

Cognitive function after LT is heterogeneous and associated to pre
and posttransplant conditions. Hepatic encephalopathy is associated

with cognitive sequels predominantly in the motor function.

. A smaller brain volume after LT is associated with previous HE

suggesting that HE can lead to loss of brain tissue.

The loss of brain volume may be secondary to neuronal damage, as
supported by the association between the area peak of N-Acetyl-
Aspartate (a noninvasive neuronal marker) in magnetic resonance
spectroscopy and the normalized brain volume. This concept is
supported by the existence of activated mechanisms of neuronal
death in experimental HE and the demonstration of neuronal
degeneration in neuropathological preparations of material from

autopsies.

Other prettransplant comorbidities such as alcohol abuse and
diabetes can impair brain function together with some posttransplant
conditions as cerebrovascular disease and may act synergistically

with HE in causing impaired cognitive function.

Prevention of HE may abrogate the cognitive decline and improve

quality of life in cirrhotic patients.
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8. Future investigations

The present research links HE with neuropsychological sequels
and smaller brain volume which strongly suggests loss of brain tissue
during its occurrence, particularly neuronal loss. However, establishing
this causality requires further investigations.

The next step will be to demonstrate loss of brain tissue after HE
in longitudinal studies. To date, the most accurate neuroimaging
techniques are sensitive to detect low grade brain edema and changes in
MR signals related to the deposit of paramagnetic substances. Validation
and interpretation of these results may be difficult. Alternatively, invasive
studies in animal models with the reproduction of the syndrome with wide
range of severity and duration and investigating neurons and together
with markers of neuronal cell death can provide us with very useful
information.

On the other hand, improving clinical management with
preventative therapies and new drugs that can minimize brain damage
may have beneficial neurological effects. Albumin is the main scavenger
in the plasma with important antioxidant and anti-inflammatory
properties™. Albumin function in cirrhosis is impaired’®. Understanding
the basis of this injury is currently under investigation. The benefits of
albumin infusion are being assessed in a clinical trial

(http://clinicaltrials.gov/ct2/show/NCT00886925?term=albumin+AND+hep

atictencephalopathy&rank=1). In parallel, analysis of albumin structure

and function are been carried out in collaboration with Professor Jalan at

Royal Free and University  College London (London).
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