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Preface

The complicated nature of hepatic anatomy and physiology, as well as the variety of
challenging diseases affecting the liver, have all contributed to the field of hepatic
surgery being a highly demanding surgical specialty. The training of a liver surgeon
consists of achieving technical expertise, a deep understanding of the intricacies

of hepatic anatomy and physiology, experience with acute and chronic liver disease
ranging from trauma, infections, benign lesions to primary and metastatic malignan-
cies, as well as knowledge of the continuously evolving technologies. This founda-
tion is necessary to be able to correctly choose from a variety of different treatment
methods and different hepatectomy techniques that would be best suited to a specific
patient and a specific health problem. The multitude of hepatic surgery techniques
involve strategies such as ablation, electroporation, resection with several different
instruments and, last but not least, liver transplantation. At the same time, the physi-
cian dealing with these complex issues needs to be aware of the right mix of treat-
ments, as well as the proper sequence of administration. Additionally, it is imperative
to have an understanding of the molecular biology of hepatic function and the
evolution of the various diseases to be able to provide patient-targeted therapies.

This book provides an overview of all the above with chapters presenting the intri-
cacies of liver physiology, the challenges and current update on complex hepatic
diseases such as hepatocellular carcinoma and cholangiocarcinoma, discussion
about the role of robotic surgery and descriptions of the indications and techniques
for some of the more demanding hepatic surgeries involved in the treatment of both
benign and malignant liver diseases. The book’s value lies in the fact that the authors
present us with their distilled wisdom, which is the result of substantial experience
and daily involvement in this most difficult field of medicine and surgery.

This book should be a useful resource for any physician, whether they are in train-
ing or in practice, treating patients with hepatic diseases.

Dr. Georgios Tsoulfas, MD, PhD, FICS, FACS
Associate Professor of Surgery,

Aristotle University of Thessaloniki,
Thessaloniki, Greece

Dr. Luis Rodrigo, MD
University of Oviedo,
Spain
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Chapter1

Minimal Hepatic Encephalopathy:
Silent Tragedy

Gamal Shiha and Nasser Mousa

Abstract

Hepatic encephalopathy (HE) is brain dysfunction caused by both acute and
chronic liver diseases that produces a spectrum of neuropsychiatric symptoms in
the absence of other known brain diseases. Minimal hepatic encephalopathy (MHE)
is the mildest form of this spectrum. MHE is defined as HE without symptoms
on clinical or neurological examination, but with deficits in the performance of
psychometric tests, working memory, psychomotor speed, and visuospatial abil-
ity. Minimal hepatic encephalopathy is associated with impaired driving skills and
increased risk of motor vehicle accidents and has been associated with increased
hospitalizations and death. Despite its clinical importance, a large number of
clinicians had never investigated whether their cirrhotic patients might have
MHE. Although, there is no single gold standard test for diagnosis of MHE, a
combination of two neuropsychological tests or psychometric hepatic encepha-
lopathy score battery test and/or neurophysiological test is standard for diagnosis
of MHE. It was found that, treatment for MHE improves neuropsychiatric perfor-
mance and quality of life and decreases the risk of developing overt HE (OHE).
The agents used to treat OHE have been tested in patients with MHE. In particular,
lactulose, rifaximin, probiotics and L-ornithine and L-aspartate (LOLA) have all
been shown to be beneficial, with documented improvement in psychometric
performance after treatment.

Keywords: liver cirrhosis, hepatic encephalopathy, minimal hepatic encephalopathy,
ammonia, neuropsychological testing, motor vehicle accident, lactulose and rifaximin

1. Introduction

Hepatic encephalopathy (HE) is a serious clinical problem of portal hyper-
tension and cirrhosis that is characterized by neurologic and neuropsychiatric
abnormalities. It is manifested by personality changes, cognitive dysfunction, and
altered level of consciousness [1, 2]. Based on the severity, HE is classified into two
groups: overt HE (OHE) presents episodically or continuously with obvious and
clinically detectable symptoms; in contrast, covert HE (CHE) combines the two
lowest grades of HE (minimal HE (MHE) and HE grade 1) [3]. Therefore, under the
new classification (Table 1), OHE starts with grade 2 or with evidence of asterixis
and disorientation. MHE is characterized by subtle cognitive and psychomotor
deficits in the absence of recognizable clinical symptoms and signs of HE and is
documented by neuropsychometric (NP) tests and neurophysiological tests, but HE
grade 1 is defined by the presence of mild clinical alterations like euphoria, anxiety,
or a shortened attention span. Although the consequences are serious, mostly CHE
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Classification = CovertHE OvertHE
MHE Gradel Gradell GradeIII GradeIV
Description * Absence of * Minor * Fatigue, *Somnolenceto  * Coma
recognizable clinical lack of apathy, or semi-stupor * Signs of
symptoms and signs awareness lethargy * Confused increased
* Impairments only *Euphoria  * Slight * Marked intracranial
measurable with or anxiety disorientation disorientationto  pressure
psychometric tests * Shortened  for time and time and place
(psychomotor speed/ attention place "Aggression
executive functions span * Obvious
or neurophysiological * Altered personality
alterations) sleep change
rhythm * Inappropriate
behavior

* Asterixis

Table 1.
New classification combining covert and overt HE.

is often unnoticed or even neglected in routine clinical practice due to only very
mild symptoms associated with grade 1, or no diagnostics in case of MHE [4, 5].
Minimal hepatic encephalopathy may have a bad impact on quality of life, risk of
road traffic accidents, and can progress to overt HE [6, 7]. Still, there are no cur-
rent guidelines for the ascertained diagnosis of MHE. The Working Group on HE
endorsed that, at least two of the following neuropsychologic tests should be used
for diagnosing MHE: number connection test-A (NCT-A), NCT-B, block-design
test (BDT), and the digit-symbol test (DST) [4]. The existing definition of MHE
is built on psychometric test results that are two SDs more than normal on at least
two psychometric tests [8]. Therapy for MHE is targeted toward the gut, due to
the ammoniagenic role of the gut contents, which have been hypothesized to play a
part in MHE pathogenesis. Guidelines for HE in chronic liver disease do not recom-
mend routine treatment of MHE. However, they state that when a patient has clear
cognitive impairment, or deterioration of quality of life (QoL), skills for driving,
or ability to perform jobs that require manual labor or have high public risk, the
patient should be treated [3, 9].

2. Prevalence of MHE

MHE is considered as a part of wide spectrum of typical neurocognitive altera-
tions in liver cirrhosis, mostly involving the areas of attention, alertness, response
inhibition, and executive functions [10, 11]. Depending on the population studied,
patient level of education, age of the patients, and the diagnostic tool used, MHE
incidence varies from 20 to 80% of cirrhotic patients [12-15].

3. Physiopathology

The pathogenesis of MHE is nearly similar to that of OHE [16]. The ammonia
toxicity remains the key factor, but recently there is increased evidence that,
hyperammonemia acts synergistically with systemic inflammation, oxidative
stress, and gut microbiota [17, 18]. Numerous investigators suggested that, hepatic
encephalopathy is a disorder of astrocyte function that plays a role in the detoxifi-
cation of ammonia [19].
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3.1 The role of ammonia

Ammonia is a key intermediate product in the metabolism of proteins. It is
manufactured by the bacterial metabolism of amino acids and purines that are
consumed in the human diet [20]. Under physiological environment, about 90%
of the ammonium is primarily cleared by the synthesis of urea in the liver (by the
Krebs cycle) and subsequently cleared by the kidneys and to a lesser extent by the
muscles (Figure 1). Ammonia is also consumed in the conversion of glutamate
to glutamine, a reaction that depends upon the activity of glutamine synthetase
[21]. In liver cirrhosis, there are two factors that contribute to hyperammonemia:
the first is a decrease in the healthy hepatocytes, resulting in deficiency of NH;
detoxification; the second is the existence of porto-systemic shunting that results
in shifting of NH;-rich portal blood to the systemic circulation without hepatic
detoxification—subsequently, the extrahepatic metabolization of ammonia by the
brain and skeletal muscle cells becomes more important [17, 22, 23]. The skeletal
muscle plays a significant role in ammonia metabolism as it contains glutamine
synthetase. However, the muscle wasting that is clear in advanced cirrhosis may
increase hyperammonemia. The kidneys express glutaminase and, somewhat, play
arole in ammonia production. Similarly, the kidneys express glutamine synthetase
and play a key role in ammonia metabolism and excretion [20]. Ammonia crosses
the blood-brain barrier and is metabolized in the astrocytes by glutamine synthe-
tase, which converts NH; and glutamate to glutamine [17]. Increasing glutamine
in astrocytes produces an osmotic gradient (Figure 2), promotes water shift
into astrocyte producing edema [23], and generation of reactive oxygen species,

75% Of urec excretion

o

Blood Muscle
Ammonia

Dietary

25%
Urea
excretion

proteins

cobonic bacterin

Amine acids

Colon

Figure 1.

Ammonia is produced primarily in colon from breakdown of amino acids and urea by bacteria. The ammonia
is taken up by hepatocytes and converted, in the urea cycle, to urea, which is passed into blood. Urea is
primarily excreted in the kidneys (75%) and the intestine (around 25%).
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Pa%hogenesis of hepatic encephalopathy. In normal conditions, gut release of ammonia vesults in high portal
vein ammonia levels. Microbiota is also responsible for the formation of ammonia, endotoxins. In liver
cirrhosis, the liver extracts portal venous ammonia poorly. The subsequent increase of arterial ammonia levels
leads to increased disposition of ammonia in other tissues. Both the brain and muscle lack a complete urea cycle
and rely on the formation of glutamine. Thus, the brain and muscle become ammonia-uptake and glutamine-
releasing ovgans. In the brain, astrocytes metabolize ammonia through glutamine synthetase, converting
glutamate and ammonia to glutamine which is osmotically active and promotes water shift into the astrocyte,
thus producing intracellular swelling and edema.

thereby contributing to the cerebral dysfunction seen in HE [17]. The high-energy
consumption by this process leads to oxidative stress which is accompanied by
cellular dysfunction and disruption of neurotransmission predominantly of
glutamate and y-aminobutyric acid [24]. In the brain, NH; produces inactivation
of neuronal chloride extrusion pumps; these processes result in inhibition of both
axonal conduction and excitatory postsynaptic potentials, subsequently suppress-
ing inhibitory postsynaptic potential formation and depolarizing neurons [25, 26].

3.2 Inflammation

Studies demonstrated that, severity of MHE might not correlate with severity of
liver disease or the level of ammonia, proposing the existence of other pathogenic
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stimuli. Inflammation is one such stimulus that may add to the advancement of MHE
and its progression to overt HE [27]. The studies suggested that, inflammation plays a
synergistic role with ammonia in producing and modulating MHE [27-29]. Studies in
patients with cirrhosis have documented higher levels of proinflammatory cytokines
like tumor necrosis factor (TNF)-a, interleukin (IL)-1p and IL-6. This reflects the
possibility of developing a systemic inflammatory response that alters the blood-brain
barrier (BBB) permeability and allows diffusion of ammonia moreover [30, 31].

3.3 Microbiota

Studies suggested that, many interactions with gut microbiota can play an
active role in MHE (Figure 2). Microbiota changes have been linked with impaired
cognition, endotoxemia, and inflammation. With the progression of cirrhosis,
there is dysbiosis (unfavorable change in the composition of the microbiome)
with decreased levels of autochthonous taxa (native Firmicutes) bacteria and
increased levels of other taxa (Bacteroidetes, Actinobacteria). The native bacteria
are important for the harmony of the gastrointestinal flora and for the well-being
of the entire body. The autochthonous bacteria produce short-chain fatty acids that
feed the colonic mucosal cells and reduce local colonic inflammation, and produce
anti-bacterial peptides [32]. In patients with minimal HE, stool microbiota studies
demonstrated an increase in Streptococcus salivarius [33]. Zhang et al. found worse
dysbiosis in all cirrhotic patients versus healthy controls and also found over-
representation of two bacterial families, Streptococcaceae and Veillonellaceae, in
cirrhotic patients with and without MHE as compared with controls. Moreover,
patients with MHE had an overabundance of Streptococcus salivarius. This dysbiosis
could increase ammonia production due to its urease activity, and its count posi-
tively correlated with ammonia levels and cognitive testing in patients with MHE
[34]. The cirrhosis dysbiosis ratio (CDR) is the ratio of autochthonous to non-
autochthonous taxa in cirrhosis. The lower the CDR the more the endotoxemia and
more decompensated the cirrhosis [35].

4. Natural history of MHE

The incidence of MHE increases with progression of liver disease. With time,
MHE may improve or progress to OHE [36, 37]. The rate of progression to overt HE
was much higher in patients with MHE and Child-Pugh score > 6 than in those with
MHE and Child-Pugh score < 6 [38]. Moreover, MHE in patients with large portal-
systemic shunts had a better outcome due to preserved hepatocytes [39]. Real
probability of OHE at 3 years was 56% in patients of liver cirrhosis in the presence
of MHE and 8% for those without MHE [37]. In addition, existence of MHE in cir-
rhosis associated with shorter survival time and increased mortality rate compared
to those without MHE [40-43].

5. Clinical significance

MHE has a significant impact on daily activities. It decreases patients’ quality
of life (QoL) [43, 44] and driving impairment due to the attention and visuomotor
coordination deficits [45-47]. The Sickness Impact Profile was studied in a group of
patients with cirrhosis to evaluate QoL indicators such as sleep, rest, eating, work,
home management, recreation, ambulation, daily care, movement, and emotional
behavior. All scales were significantly decreased in patients with MHE compared
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with individuals without MHE [48]. Moreover, those patients suffer from falls [49]
and have a high risk of development of episodic HE [2].

5.1 Health-related quality of life (HRQoL)

Quality of life is a multidimensional index that reports all aspects of human
well-being, including physical and cognitive capabilities, functional behavior,
emotional status, and psychosocial adjustment [50]. The American Association
for the Study of Liver Diseases survey conducted in 2007 demonstrated that,
most clinicians believe MHE to be a significant problem. However, only 50% of
clinicians had examined whether their patients might have MHE, and 38% had
never studied their patients with liver cirrhosis [51]. Several evidences show
that, HRQoL may seem to be influenced by the coexistence of MHE [48, 52-56].
MHE increases the incidence of disability, and has a negative effect on daily
activities. The impact of the perception of the disease, in the form of a “Sickness
Impact Profile,” has been studied in cirrhotic patients to assess the indicators of
QoL. Each profile was significantly reduced in patients with MHE compared to
individuals without MHE [48]. In addition, in the presence of MHE, QoL indica-
tors, such as the capacity to drive a car, and the incidence of sleep disorders were
also negatively affected [57, 58].

5.2 MHE and falls

Minimal hepatic encephalopathy is significantly associated with high risk of falls
explaining the increased healthcare and hospitalization rate in patients with MHE
compared to cirrhotic patients without MHE [49, 59, 60]. The presence of cognitive
impairment was the only independent factor predictive of a fall. The chance of a
fall in 1 year was found to be significantly higher in patients with MHE compared to
those without MHE. Urios et al. demonstrated that, MHE patients show impaired
balance, mainly on an unstable surface with eyes open, with longer reaction and
confinement times and lower success in stability test limits compared to patients
without MHE [61].

5.3 Effect of MHE on driving

Traffic accidents are more common in patients with MHE compared to normal
individuals, as the driving process in patients with MHE is affected by defects in
many factors such as, defects in attention and information processing, slow reac-
tions, improper estimation of traffic conditions, and lack of coordination [48, 62].
As many as 33% of MHE patients reported a traffic accident or violation within the
past year [63]. Interestingly, treatment with lactulose could substantially reduce
societal costs by preventing motor vehicle accidents [64].

5.4 Risk of overt HE

MHE has been found to predict the development of overt HE in cirrhotic
patients [2]. A recent study demonstrated that, CHE and elevated blood NH; levels
contributed to OHE development in cirrhotic patients [65]. The results of Wang
et al. showed that, solely serum albumin level < 30 g/L is the predictor for develop-
ing OHE in CHE patients [66]. In a study of Thomsen et al., that enrolled 106 clini-
cally stable cirrhotic patients with no previous history of OHE and followed them
for 230 + 95 d, it was found that, 13.3% of CHE patients developed OHE [67]. Ina
multicenter study by Patidar et al., a total of 170 cirrhotic patients were followed for
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a mean of 13 months. They found that 30% of cirrhotic patients developed at least
one OHE episode, and that CHE increased their risk of developing OHE, hospital-
ization, and death/transplant [36].

6. Diagnosis of MHE and CHE

There is no single optimal measure for diagnosis of MHE because none of the
diagnostic strategies covers all aspects of deficits that are present in MHE [68, 69].
Testing approaches can be divided into two major types: psychometric and neu-
rophysiological [70, 71]. As MHE affects many elements of cognitive functioning,
which may not be impaired to identical degrees, the International Society for Hepatic
Encephalopathy and Nitrogen Metabolism (ISHEN) recommends the use of at least
two tests, based on the local population norms and availability, and if possible, with
one of the tests being more widely accepted to serve as a comparator [72].

6.1 Diseases associated with minimal hepatic encephalopathy

The diagnosis requires the indication of tests in subjects who appear normal,
but may suffer from cirrhosis, as the physician usually does not observe MHE [73].
Further group of patients who are not cirrhotic and may develop MHE are those
with porto-systemic shunts of inborn origin or secondary to portal thrombosis. The
available data of the neuropsychological characteristics of these patients indicate
that cognitive abnormalities are indistinguishable from MHE [74].

6.2 Indications for testing

There is no consensus on patients to test for MHE. Some physicians recommend
screening of all cirrhotic patients. However, testing should be completed in patients
at risk (Table 2) for MHE such as, cirrhosis or porto-systemic shunts [5]. Special
attention should be given to active drivers, patients handling heavy machines or
reporting decline in work performance [75, 76].

6.3 Neuropsychological (paper-and-pencil) tests

The American Association for the Study of Liver Diseases (AASLD) and the
European Association for the Study of the Liver reccommended neurophysiological

Patients at risk of accidents
* Risks at work, e.g., machine worker
* Driving accident within the past year

¢ Unprovoked falls

Patients who complain of cognitive symptoms
* Psychomotor performance: “I have difficulty in carrying out fine motor tasks.”
¢ Decreased attention: “I am frequent feelig of confused.”

* Poor memory: “I forget a lot”.

Patients with decline in work performance observed by relatives or colleagues

Patients with previous history of episodic HE

Table 2.
Patients with cirrhosis, portal vein thrombosis, or porto-systemic shunts who should undergo tests for MHE.
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Test Tested domain Time Advantages Disadvantages Impact factor
required
(minuets)
NCT-A Psychomotor 1-2 Gold standard for MHE Learning effects Age and culture
speed diagnosis validated
internationally
NCT-B Psychomotor 1-3 Validated Learning effects Age and culture
speed, set internationally
shifting,
divided
attention
DST Psychomotor 4 Very sensitive and is an Learning effects Age and culture
speed, attention early indicator
BDT Visuospatial 10-20 It can be used for Learning effects Age and culture
reasoning, praxis, dementia testing as well
psychomotor
speed
SDT Psychomotor 1-2 Only tests psychomotor Learning effects; only ~ Age and culture
speed speed, a higher sensitivity ~ tests psychomotor speed
LTT Psychomotor 2-4 Tests a balance between Learning effects, Age and culture
speed, speed and accuracy outcomes are errors
visuomotor and time
ability
Animal- Semantic 1 Easy test that has the Less validated test
naming fluency test, required characteristics
test verbal retrieval of simplicity, speed, for
and recall illiterate patients
CFF Visual 10 Easy administration, Not suitable for Age
discrimination application by anon- red-green blindness and
and general specialist, and results are visual impairment
arousal independent of literacy
and age, test can be
administered at bedside
ICT Response 15-20 Simple administration, ~ Need highly functional Ageand
inhibition, higher sensitivity/ patients, not suitable for education
working specificity non-English-speaking
memory, patients
vigilance,
attention
Stroop test Psychomotor 10 Quick to explain to Should be familiar with Ageand
speed and patients, and simple to iPhone/iPad education
cognitive score and evaluate
alertness
The SCAN Working 15-20 Simple administration Learning effects Ageand
Test memory, education
vigilance,
attention
CDR Reaction time, 15 Appreciable test-retest Learning effects Age, education,
assessment memory, and reliability and culture
battery recognition
EEG Generalized 10-15 Can be done in comatose Nonspecific and Requires
brain activity patients, no need of may be influenced neurological
patient cooperation or by accompanying expertise in
risk of alearning effect metabolic disturbances evaluation
Table 3.

Psychometric tests recommended for diagnosing minimal hepatic encephalopathy.
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and psychometric tests to diagnose MHE [3, 51]. Many tests are used for diagnosis
of MHE (Table 3); however, the gold standard and the most frequently used
psychometric test for MHE diagnosis is psychometric hepatic encephalopathy score
(PHES) [3, 4, 42].

6.3.1 Standard neuropsychological assessment

Neuropsychological testing is a useful methodology for quantifying cognitive
impairment. These tests directly measure cognitive functions that are directly related
to activities of daily living. These include the number connection test A (NCT-A),
number connection test B (NCT-B), figure connection test (FCT A), figure connec-
tion test B (FCT B), digit symbol test (DST), and serial-dotting test (SDOT) [77].

6.3.1.1 Number connection tests

The NCT-A accesses the visual-spatial orientation and psychomotor speed.
Twenty-five circles numbered from 1 to 25 are scattered randomly on a sheet of
paper. The patients must connect the numbers in order in the shortest time possible
without mistakes. If a mistake is made, the subject must stop, correct the error,
and then continue without stopping the clock. The test score is the time needed to
perform the test, including the time needed to correct all errors. Poorer performance
is shown by a longer time for completion (Figure 3). In the NCT-B (Figure 4), the
numbers from 1 to 13 and the letters from A to L were included in circles. The patient
is asked to connect numbers and letters in alternating manner, that means go from
1-A-2-B-3-C and so on. Test outcome is the time needed by the patient to perform the
test, including error correction time. Besides visuospatial orientation and psychomo-
tor speed, this test is suitable to study the ability to shift attention [78].

According to the guidelines of the International Society for Hepatic
Encephalopathy and Nitrogen Metabolism [79], the results of NCT-A will be consid-
ered abnormal when the test scores are more than the mean + 2 standard deviations
(SDs) from the age-matched normal values. A newly developed electronic number
connection test (eNCT) was developed. This test flashes the numbers 1-25 on a
screen and needs the participant to click them in order while being timed [80].
These tests are time-consuming, and their results are influenced by age and educa-
tional status. However, these tests are recommended for diagnosis of MHE [42, 81].
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6.3.1.2 Digit symbol test DST

Nine fixed pairs of numbers and symbols are present at the top of the test sheet.
The patient is given a series of double boxes with a number given in the upper
part. The target is to draw a symbol related to this number into the lower part of
the boxes. The test result is the number of boxes correctly filled in 90 s (Figure 5).
Pathological test results indicate a deficit in visuoconstructive abilities. [82]. DST
will be considered abnormal when the test scores are less than the mean — 2 SDs
from the age-matched normal values [79].

6.3.1.3 Block design test

This test recorded speed and accuracy. The task is to take 6-9 blocks that have
all white sides, all red sides, and red-and-white sides followed by arranging them
according to a pattern formed by examiner or shown on a card [83].
6.3.1.4 Psychometric hepatic encephalopathy scove (PHES)

It consists of five paper-pencil tests: NCT-A/B, line tracing time (LTT), digit

symbol test, and serial-dotting test (SDOT). This battery measures psychomo-
tor speed and precision, visual perception, visuospatial orientation, visual
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construction, concentration, attention, and memory and can be completed in less
than 20 minutes [68]. The results of PHES can be affected by age and education
status of patients. A score is defined as the number of standard deviations of the
difference between the two values for each test. MHE was diagnosed with the sum
of all scores less than or equal to —4 points. Score < —4 suggests the presence of
MHE [1, 84]. A simplified form of PHES, developed using only three of the original
five tests, can be as good as the PHES in diagnosing [84]. For illiterate patients, the
figure connection test has been used as a subtest instead of the number connection
test [1]. PHES has a prognostic value for the occurrence of attacks of overt HE and
mortality in cirrhotic patients [42, 43].

6.3.1.5 The animal naming test (ANT)

The ANT (maximum number of animals listed in 1 minute) has recently been
developed to predict OHE. ANT is an easy test that has all the required character-
istics of simplicity, speed, no cost, and relationship with clinical events to be used
routinely for rapid investigation of HE in patients with cirrhosis at the office and at
the bedside [85].

6.3.2 Computer-aided psychometric tests

Numerous current studies have showed that, computerization of psychometric
tests could lead to simplification and easy administration in the clinic within a few
minutes [10, 86, 87].

6.3.2.1 The critical flicker frequency (CFF)

CFF test is a psychophysiological tool that studies the frequency at which a fused
light (presented from 60 Hz downward) appears to be flickering to the observer.
Similarly, the general arousal of the patient is measured. Earlier studies have shown
areduction in its performance with worsening cognition and improvement after
therapy. The CFF test needs numerous trials, intact binocular vision, absence of
red-green blindness, and specialized equipment [15]. CFF predicts the first epi-
sode of OHE in cirrhotic patients who had never experienced OHE, and predicts
mortality risk [88]. CFF test has many advantages, for example, easy administra-
tion, application by a non-specialist personal, and results that are independent of
numeracy, literacy, and age [89].

6.3.2.2 Continuous reaction time (CRT) test

This test assesses the motor reaction time by having the patient press a button
in response to auditory stimuli (through headphones). The most important test
result is the CRT index, which measures the stability of the reaction times. The
test result can differentiate between organic and metabolic brain impairment.
The test is not affected by the patient’s age, gender with no learning or tiring
impact [90, 91].

6.3.2.3 The inhibitory control test (ICT)
It is a computerized test of response inhibition and working. The ICT requires

highly functional patients (Figure 6). The ICT can be done using a laptop and is
analyzed using an automatic computerized system that significantly improves the
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Figure 6.

Inhibitory control test. A continuous sequence of letters is displayed on the computer screen every 500 ms. The
patient is educated to respond only if an X is preceded by a ¥, or a Y is preceded by an X, but responses must be
inhibited if an X is followed by an X, or a Y is followed by a Y.

convenience and flexibility of using this test in the clinical situation [92]. It has been
validated for the diagnosis and follow-up of MHE in the USA. It was found that

the ICT is simple to administer and has higher sensitivity/specificity for screening
MHE than the standard psychometric test (SPT). On the other side, Taneja et al.
found that the ICT is not as useful as the PHES in diagnosing MHE in patients with
cirrhosis [93].

6.3.2.4 The Stroop test

In 2013, Bajaj et al. developed an application, the Encephal App-Stroop App, for
screening MHE that is operated by the iOS system on the iPhone and iPad. The core
of this innovative application is the Stroop test, which assesses psychomotor speed
and cognitive alertness by measuring the time required to correctly identify a series
of symbols and printed words with different colors [86]. The Stroop test evaluates
psychomotor speed and cognitive flexibility by the interference between recogni-
tion reaction time to a colored field and a written color name. [86]. In a multicenter
study that compared the EncephalApp-Stroop App to the PHES and ICT, the
Encephal App-Stroop App had good sensitivity (70-80%) for MHE screening and
was predictive of the progression to OHE [94].

6.3.2.5 The SCAN test

It is a computerized test that measures the patient’s speed and accuracy to per-
form a digit recognition memory task of increasing complexity [40, 95]. It is done
by randomly displaying a series of 72 sorted pairs of numbers for 3 s on a computer
screen. Patients are instructed to press the appropriate number on a keyboard if
they identify a common digit in the sequence of numbers presented. The mean reac-
tion times and the percentage of errors are recorded, and the results are evaluated
using the reaction times weighted by the number of errors [96].
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6.3.2.6 Cognitive drug vesearch (CDR) assessment battery

It is a computerized battery of cognitive tests designed by the Cognitive Drug
Research Ltd. (Goring-on-Thames, UK). The test contains five psychometric
subsets that test attention power, attention continuity, speed of memory, and
quality of episodic and working memory. It measures reaction time, memory,
and recognition. The task stimuli are existing on a laptop, and patients pro-
vide the correct response using the “YES” and “NO” buttons on a two-button
response box, which records both accuracy and reaction time. The sensitivity and
specificity of the CDR assessment battery for screening MHE are 86.4 and 81%,
respectively [10].

6.3.3 Electroencephalography examination (EEG)

EEG can discover changes in cortical cerebral activity across the spectrum of HE
without patient cooperation or risk of a learning effect [97]. Newly, an-economy
friendly device has been found to produce similar results compared with a standard
EEG machine across the HE spectrum [97].

7. Treatment

Treatment of minimal hepatic encephalopathy with lactulose, probiotics, or
L-ornithine-L-aspartate was seen to be effective in reducing abnormal tests and
delay or eradicating risky motor car accident [47, 98-103]. It is therefore rational,
especially if the patients or their family/caregivers report symptoms/signs compat-
ible with MHE, to introduce treatment specially in patients who are at particular
risk of the consequences of MHE, such as falls, impaired, and driving ability.

7.1 Rifaximin

Rifaximin is an orally administered, non-absorbable, semi-synthetic antibiotic
with a broad spectrum of effect on both Gram-positive and Gram-negative bacte-
ria [11, , 104]. It was found that patients with MHE treated with rifaximin for an
8-week period showed significantly greater improvements in driving and cognitive
performance and in the psychosocial dimension of the Sickness Impact Profile than
those given a placebo [67]. Recently, a randomized controlled trial compared the
efficacy of rifaximin with lactulose in reversal of MHE and improvement in HRQoL
in cirrhotic patients with MHE. The study concluded that both drugs improve
HRQoL equally well, in cirrhotic patients with MHE [105].

7.2 Non-absorbable disaccharides

The recommended standard of care for people with hepatic encephalopathy
includes use of the non-absorbable disaccharides (lactulose and lactitol) [106, 107].
It was found that cirrhotic patients with MHE had improvement in health-related
quality of life and psychometric performance after lactulose therapy [108]. Lactulose
and lactitol, both, have effects on gut flora and are regarded as intestinal prebiotics.
Adding lactulose to food can produce a bifidogenic effect connected to a favorable
effect on colonic ammonia metabolism [109]. However, a recent meta-analysis
evaluating the role of non-absorbable disaccharides in patients with MHE failed to
show clear evidence in improving cognitive function and HRQoL [110].
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73 LOLA (L-ornithine-L-aspartate)

Ammonia scavengers, including L-ornithine-L-aspartate, are agents that reduce
blood ammonia concentration by enhancing the metabolism of ammonia to gluta-
mine [111-113]. Bai et al. assessed eight RCTs (646 total patients, 46% diagnosed
with MHE), evaluating the efficacy of LOLA compared to placebo in patients
with cirrhosis. He found that treatment with LOLA diminished serum ammonia
levels [114]. Evidence of important benefit of LOLA was also described in RCTs of
patients with MHE assessed by psychometric testing or critical flicker frequency
analysis. The oral formulation of LOLA was determined to be particularly effective
for the treatment of OHE or MHE [115].

7.4 Probiotics

Prebiotics are non-digestible food ingredients that selectively stimulate the
growth and/or activity of the bacteria in the colon. Probiotics are live microbes
that alter the intestinal balance of the microflora. The combination of prebiotics
and probiotics is named synbiotics. The meta-analysis of nine studies showed
substantial evidence for the efficacy of prebiotics, probiotics, and synbiotics in the
treatment of MHE [116]. A Cochrane Review examining the use of probiotics in the
treatment of HE included seven trials and presented an advantage of probiotics to
no treatment in all-cause mortality, number of adverse events, and QoL. Findings
included reduced plasma concentrations of ammonia [117].

7.5 Zinc

Zinc, considered as a cofactor of urea cycle enzymes, is deficient in patients with
cirrhosis, especially with malnutrition or encephalopathy [118]. Zinc is essential for
the synthesis of coenzymes that mediate biogenic amine synthesis and metabolism
[14]. Zinc deficiency also leads to change of neurotransmitters like y aminobutyric
acid and norepinephrine [119]. A recent RCT revealed that zinc supplementa-
tion can improve MHE in patients with liver cirrhosis associated with significant
improvement in neuropsychometric tests and significantly decreased arterial
ammonia level [76].

8. Conclusion

The prevalence of MHE is high in liver cirrhosis. MHE is characterized by subtle
motor and cognitive deficits, and impairs health-related quality of life. Detection of
MHE and subsequent treatment could substantially reduce societal costs by pre-
venting motor vehicle accident.
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Chapter 2

Ammonia

Edwin Jin Su Lee and Jonathan C. Huang

Abstract

Ammonia is a compound that is thought to be central to the pathogenesis of hepatic
encephalopathy. It is an important biomarker and may also serve as a prognostic indi-
cator in acute liver disease where ammonia levels may be predictive of cerebral edema
and herniation. In this chapter, we aim to review and discuss its role in hepatic enceph-
alopathy to include: the cycle within the human body, appropriate measurement and
collection, confounding factors and differential diagnosis, the correlation between levels
and development of encephalopathy, the physiopathology and increased morbidity-
mortality with the incremental rise, clinical utility of sequential measurement, and
lastly, an overview of novel treatments and the tight interconnections with ammonia.

Keywords: ammonia, hepatic encephalopathy, role, pathogenesis, novel treatment

1. Introduction

Ammonia, a colorless gas with a unique odor is thought to be central to the
pathogenesis of hepatic encephalopathy (HE). It is an important biomarker and may
also serve as a prognostic indicator in acute liver disease where ammonia levels may
be predictive of cerebral edema and herniation. In this chapter, we aim to review and
discuss its role in HE understanding its rise and fall as part of the urea cycle, appro-
priate measurement and collection, and examine the paradigms differentiating acute
liver failure with chronic liver disease. We want to recognize other diseases that may
elevate ammonia levels and discuss how different treatments target its reduction.

2. The ammonia cycle within the human body

The homeostasis of ammonia is a multi-organ process involving the brain, gastro-
intestinal tract, muscles, adipose tissue, kidneys, and mainly the liver. A study involv-
ing patients with end-stage liver disease, revealed that branched-chain amino acids
(BCAAs) (Figure 1) are not metabolized in the liver but rather by muscle, kidney,
adipose, and brain tissue. This is in contrast to the aromatic amino acids (tyrosine,
phenylalanine, methionine), which are metabolized and deaminated solely by the liver.
BCAA supplementation leads to reductions in hyperammonemia as a result of the
metabolism of BCAAs by skeletal muscle. The metabolism of BCAAs supplied carbon
skeletons for the formation of a-ketoglutarate which combined with two ammonia
molecules to form glutamine [1]. In a 1-year double-blind study of 174 patients with
advanced cirrhosis who were randomized to receive BCAAs or equicaloric amounts of
lactoalbumin, the group given BCAAs had a significantly decreased incidence of the
combined endpoint of death and liver decompensation, as well as hospital admissions,
compared with lactoalbumin [2]. In addition, a multi-center randomized study of 646
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patients with cirrhosis who were given 12 g of BCAAs per day for 2 years, compared
with diet therapy and a defined food intake, found a significant decrease in HE and
refractory ascites in the treatment group [3]. Because of their poor palatability and high
cost, BCAAs are not routinely recommended, but they were important tools in the
proof of concept of liver’s importance in ammonia homeostasis.

The mechanism of how the liver processes the ammonia has been described and
involves the following steps: ammonia is produced by the enterocytes from gluta-
mine and by colonic bacterial catabolism of nitrogenous sources, such as ingested
protein and secreted urea. It then enters the circulation through the portal vein
where the liver metabolizes the majority of the ammonia converting it into urea or
glutamine and preventing entry into the systemic circulation. These were demon-
strated through careful studies of the urea cycle and its disorders [4].

The increase in blood ammonia levels in advanced liver disease is a consequence
of impaired liver function and of shunting of blood around/away from the liver.
Muscle wasting, a common occurrence in these patients, also may contribute since
muscle is also an important site for extrahepatic ammonia removal.

3. Appropriate measurement and collection

The measurement serum ammonia concentration in patients suspected of having
HE remains controversial. While it is well known that venous ammonia levels vary
immensely and are not useful for screening or following HE [5], arterial ammonia
concentrations more accurately correlate with HE as it is further discussed in this
chapter. Furthermore, the grade of HE seems to be more closely related to the
partial pressure of gaseous ammonia (pNH3) than the total arterial ammonia con-
centration, since gaseous ammonia readily enters the brain [6]. This can be easily
calculated with ammonia levels when correlating with pH.

The accuracy of ammonia determination is influenced by many factors, such as
fist clenching, use of a tourniquet, and whether the sample was placed on ice [7]. It
is largely recommended that it is tested within an hour of collection, though some
agents (sodium borate/l-serine) could potentially stabilize for up to 12 h [8].

Thus, ammonia should be collected in an extremity without trauma with arterial
blood, collected in chilled tubes with ammonia-free sodium heparin (green top) or
ethylenediaminetetraacetic acid (EDTA; purple top), placed on ice, and delivered
rapidly to the laboratory (within an hour). Some chemicals could stabilize for
posterior measurement, but more studies are needed to confirm that these agents
will not influence in other reactions and measurements.

4. Correlation of levels and development encephalopathy

Normal values for ammonia concentration may differ depending on age groups. It
can be often higher in newborns, with the upper limit of normal of ammonia
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concentration of healthy term infants at birth of 80 to 90 pmol/L, while normal
values in children older than 1 month and adults are less than 50 and 30 pmol/L,
respectively [9].

Early studies had shown a correlation of levels of ammonia and worsening HE up
to two times the upper limit of normality [6]. Further studies have not only
cemented this correlation but have shown a more intricate relationship [10, 11]. It
can predict the risk and frequency of HE episodes [12].

5. The physiopathology and increased morbidity-mortality with the
incremental rise of ammonia

Proof of the role of ammonia in pathogenesis of HE has come from the efficacy
of therapies aimed to lower plasma ammonia in improving its symptoms. The
mechanisms causing brain dysfunction in liver disease are still not known to the full
extent. In coma of models of acute liver failure, the effects of ammonia are present
in brain swelling, impaired cerebral perfusion, and reversible impairment of neu-
rotransmitter systems [13].

Stemming from this proof of concept, several studies have tried to elucidate the
effects of hyperammonemia. First, ammonia is believed to be a direct neurotoxin
potentialized by other toxins, such as mercaptans and short-chain fatty acids [14].
Second, it impairs the blood-brain barrier by changing the protein transport [15].
Third, it increases the intracellular osmolality of astrocytes leading to edema and
extreme cases, herniation [13, 16]. Lastly, it increases oxidative stress. In one study,
oxidative stress markers in the brain of patients with cirrhosis with severe hepatic
encephalopathy included elevated levels of protein tyrosine-nitrated proteins, heat
shock protein-27, and 8-hydroxyguanosine as a marker for RNA oxidation [17].

In a recent study of patients with cirrhosis, there was significant evidence that
ammonia levels correlate with not only the severity of hepatic encephalopathy but
also the failure of other organs in cirrhosis and is an independent risk factor for 28-
day mortality. This data provided evidence that the ammonia level has a clinically
relevant utility in providing important prognostic information, signifying its
potential role as a biomarker in identifying patients at high risk of mortality. A
reduction in ammonia level was associated with improved survival, confirming it as
a potential therapeutic target. Classically in urea cycle disorders ammonia levels
above 200 pmol/L were considered a poor prognostic factor [18], but in this study
in cirrhotics even >79.5 pmol/L was associated with increased mortality, indicating
an additional role of ammonia in dictating clinical outcomes [11].

Classically, there was a clear distinction of the harmful effects of the ammonia in
acute liver failure due to the osmotic component [13] and in lesser degree in chronic
liver disease, stating that ammonia in cirrhosis increased morbidity and not mortality.
But newer studies and prospective analysis shows that it can be harmful in similar
way, increasing mortality [11]. Further studies are needed to corroborate both the
utility and prognostic value of ammonia in the setting of chronic liver disease.

6. Confounding factors and differential diagnosis

Ammonia levels may rise due to reasons other than acute or chronic liver dis-
ease. This may include increased urea absorption/production, decreased extra-
hepatic removal, and reduced participation of liver (Table 1).

Processes that increase urea absorption/production are the main conditions that
make up the differential diagnosis. These conditions include gastrointestinal bleed-
ing, renal disease, urinary tract infection with a urease-producing organism (e.g.,
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Increased urea Decreased extra-hepatic removal

ab ion/production g
absorption/productio Severe muscle exertion, heavy

Gl bleeding, renal disease, infection exercise

Differential Diagnosis

Reduced participation of liver
Shunts (i.e. hereditary hemorrhagic Others
telangectasia, portal hypertension Congenital disorders, medications
with collateralization)

Table 1.
Differential diagnosis for elevated ammonia levels.

Proteus mirabilis), ureterosigmoidostomy, parenteral nutrition, high-dose chemo-
therapy, and systemic Mycoplasma hominis or Ureasplasma spp. infection in lung
transplant recipients.

Within the conditions that decrease extrahepatic removal of ammonia, diseases
affecting the muscles such as severe muscle exertion/heavy exercise are worth
noting.

Reduced participation of liver in the removal of ammonia may occur in any
cause of portosystemic shunting of blood, such as in hereditary hemorrhagic
telangiectasia (Osler-Weber-Rendu disease) and portal hypertension with collateral
formation.

Two other groups of conditions are considered controversial in their role in the
development of hyperammonemia: congenital disorders (certain inborn errors of
metabolism such as urea cycle defects and organic acidemia) and medication
induced (valproic acid, barbiturates, narcotics, diuretics, alcohol, and salicylate-
Reye syndrome). Some authors classify both as a cause for hyperammonemia while
others would englobe in subgroups of liver diseases as they are believed to have
similar pathophysiology [19, 20].

7. Overview on treatments
The treatment HE resonates around decreasing ammonia. It can be achieved

through three major mechanisms: decreasing ammoniagenic substrates, inhibiting
ammonia production, and metabolic removal of ammonia (Table 2).

7.1 Decreasing ammoniagenic substrates: enemas

Enemas are the main treatment of this category. These are administered to
patients at increased risk of aspiration. Different agents have been used, including
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Decreasing
ammoniagenic ERHENES
substrates

Inhibiting » Antibiotics
ammonia * Laxatives
production » Modification of flora

. Ornithine-aspartate/Zinc
* Sodium Benzoate
= Dialysis

Table 2.
Mechanisms used in treatment of hyperammonemia.

tap water, milk/molasses, and lactulose. The efficacy of enema administration has
not been evaluated [19].

7.2 Inhibiting ammonia production: antibiotics (neomycin, paromomycin,
metronidazole, rifaximin, and vancomycin), laxatives (disaccharides-
lactulose/lactitol, polyethylene glycol), and modification of flora
(Lactobacillus SF68, acarbose)

The use of laxatives, especially non-absorbable disaccharides, has been the cor-
nerstone of the treatment HE. Oral lactulose or lactitol (the latter is not available in
the United States) are thought to have an iz vitro benefit over other laxatives. This is
due their multi-mechanistic properties. Not only do they cause catharsis but they
convert ammonia to ammonium and also reduce intestinal pH, thereby reducing
ammonia absorption. These agents improve symptoms in patients with acute and
chronic encephalopathy when compared with placebo but do not improve psycho-
metric test performance or mortality. Side effects are common and include abdom-
inal cramping, bloating, flatulence, and electrolyte imbalance.

Oral antibiotics have been used with the aim of modifying the intestinal flora
and lowering stool pH to enhance the excretion of ammonia. Antibiotics are gener-
ally used as second-line agents after lactulose or in patients who are intolerant of
non-absorbable disaccharides. Rifaximin given orally in a dose of 550 mg twice daily
was approved in 2010 for the treatment of chronic hepatic encephalopathy and
reduction in the risk of recurrence of overt encephalopathy in patients with
advanced liver disease. The tolerability and side-effect profile of rifaximin are
superior to those of lactulose, albeit at greater financial cost. Other antibiotics,
including neomycin, paromomycin, metronidazole, and vancomycin, have been
studied in small trials and case series, but some may have an increased side effect
profile and the effectiveness of others are not well established.

Agents that may modify intestinal flora and modulate the generation or intesti-
nal absorption of ammonia have been evaluated as potential treatments. Acarbose,
an intestinal a-glucosidase inhibitor used to treat type 2 diabetes mellitus, inhibits
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the intestinal absorption of carbohydrates and glucose and results in their enhanced
delivery to the colon. As a result, the ratio of saccharolytic to proteolytic bacterial
flora is increased and blood ammonia levels are decreased. A randomized controlled
double-blind crossover trial has demonstrated that acarbose improves mild hepatic
encephalopathy in patients with cirrhosis and adult-onset diabetes mellitus. Simi-
larly, probiotic regimens (such as Lactobacillus SF68) have been used to modify
intestinal flora and diminish ammonia generation. Several studies have suggested
that these agents may be beneficial in humans with mild encephalopathy. A
Cochrane Database review in 2011 was unable to conclude that probiotics improve
clinically relevant outcomes [19].

7.3 Metabolic removal of ammonia: ornithine-aspartate (ornithine-
transcarbamylase/zinc), sodium benzoate (phenylbutyrate,
phenylacetate), and dialysis

Sodium benzoate, sodium phenylbutyrate, and sodium phenylacetate, all of
which increase ammonia excretion in urine, are approved by the FDA for the
treatment of hyperammonemia resulting from urea cycle enzyme defects and may
improve HE in patients with cirrhosis. Administration of sodium benzoate, how-
ever, results in a high sodium load, and the efficacy of this agent is not clearly
established [21].

Administration of zinc, which has been used because zinc deficiency is common
in patients with cirrhosis. Furthermore, because it increases the activity of ornithine
transcarbamylase, an enzyme in the urea cycle, it may also improve HE; however,
clear efficacy has not been established. L-ornithine-l-aspartate (LOLA), a salt of the
amino acids ornithine and aspartic acid that activates the urea cycle and enhances
ammonia clearance, has been shown in several randomized controlled studies to
improve HE compared with lactulose; however, this agent is not available in the
United States.

Extracorporeal albumin dialysis using the molecular adsorbent recirculating
system (MARS) has resulted in a reduction in blood ammonia levels and improve-
ment in severe encephalopathy in patients with acute-on-chronic liver failure. Fur-
ther studies are needed to clarify whether albumin dialysis has a role in treatment of
HE [19].

7.4 Treatments on the horizon

Fecal microbiota transplant is being studied prospectively in a few centers in
North America. As an established treatment in C. difficile colitis, this treatment aims
to modify the intestinal flora, as it happens with use of antibiotics, such as
rifaximin.

Studies are currently underway comparing different formulations of rifaximin,
evaluating the difference between the immediate release against the sustained
extended release.

Other antibiotics, cheaper and with safer profiles are being studied prospectively
to compare with the current gold standard, rifaximin. One such antibiotic notably is
nitazoxanide.

Data regarding dialysis as a treatment modality has not been satisfactory in order
to justify its regular use in the setting of HE. There are prospective studies evaluat-
ing other exchange therapies such as plasmapheresis as viable alternative treatment
options especially in the setting of refractory HE.

AST-120, an oral spherical carbonaceous adsorbent approved and used in
chronic kidney disease to decrease uremia by decreasing intestinal indole
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absorption and consequently indoxyl sulfate production [23] has been extrapolated
to HE with promising results, but still in initial phases and further studies are
needed to better characterize its role in the treatment of HE.

8. Conclusions

Our understanding of the interactive physiology between ammonia and HE has
greatly increased since its first proposition by Hippocrates of Kos B.C. and its first
description in 1860 by von Frerichs [22]. There are multiple effective treatments
available and yet others in the horizon. However, there is still much more to be
understood about the role of ammonia in HE and other factors may still be involved
in the pathophysiology of portosystemic encephalopathy. The future of HE appears
bright and future treatment options will hopefully improve the quality of life of
patients with this potentially debilitating disease.
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Appendices and nomenclature

BCAAs branched-chain amino acids

BC before Christ

EDTA ethylenediaminetetraacetic acid

FMT fecal microbiota transplant

HE hepatic encephalopathy

HHT hereditary hemorrhagic telangiectasia
LOLA l-ornithine-l-aspartate

MARS molecular adsorbent recirculating system
pNH3 partial pressure of gaseous ammonia

PSE portosystemic encephalopathy
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Chapter 3

The Neurobiology of Hepatic
Encephalopathy
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Abstract

Despite significant recent breakthroughs, with rapid discoveries provided
by the twentieth century, hepatic encephalopathy remains an ancestral enigma
that accompanies the history of mankind. Much of this is due to the reductionist
view that a single process would have primacy over others, with the emphasis on
hyperammonemic theory being its greatest example. Since other factors, such as
the intestinal microbiota composition, the synergism with neuroinflammation,
and the role of glutamatergic and GABAergic tonus balance have been discovered,
it has become clear that the traditional and linear view of scientific research allows
the understanding of the initial state of multiple dysfunctional systems, but is
unable to predict the overall behavior of the disease. As consequence, there is a lack
of innovative interventions for controlled clinical trials, making its therapeutic
management very limited. The objective of this chapter is to provide a general
theoretical overview of the most relevant hypotheses and findings in the neurobiol-
ogy of hepatic encephalopathy, and how its toxic, metabolic and immunological
alterations affect the cellular metabolism and neurotransmission dynamics, causing
its characteristic cognitive and motor manifestations.

Keywords: cirrhosis, hepatic encephalopathy, cognition,
minimal hepatic encephalopathy, motor, neurotransmission

1. Introduction

Since ancient Babylonian times (1894-1595 B.C.), people have been aware of the
influence of liver dysfunction on cognition [1]. In the Ancient Orient, the liver was
considered the center of life and mental activity. Hippocrates (460-370 B.C.) and
Celsus (25 B.C.-50 A.D.) were pioneers in the description of behavioral disorders
associated with the hepatic failure. In the Corpus Hippocraticum, there is the report
of a patient with jaundice who “barked like a dog, could not be contained, and said
nothing understandable” [2]. Galenus (129-199 A.D.), physician of the Roman
centurions, considered the liver responsible, alongside the heart and the brain, for
the triple control of the natural, animal and vital spirits. In his theory, he imagined
that these spirits were derived from food processing and routed through the blood-
stream to the cerebral ventricles [3]. In the Modern Age, especially in the eighteenth
century, several records of neuropsychiatric disorders in cirrhotic patients have been
described. It is from that time that Giovanni Battista Morgagni (1682-1771 A.D.)
detailed the progressive nature of the disease in the famous De Sedibus et Causis
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Morborum Per Anatomen Indagatis (1761). In the Contemporary Age, Friedrich
Theodor von Frerichs (1819-1885 A.D.) carried out an extensive documentation of
the cognitive and motor changes found in cirrhosis [2]. In the twentieth century,
especially since the 1930s, several publications have enumerated the typical altera-
tions in the disorder known as hepatic encephalopathy, with particular emphasis
on the hypothesis that its pathophysiology would be caused, in some way, by the
reduction of ammonia clearance produced in the gut [4].

The mechanisms of hepatic encephalopathy, however, remain far from being
fully elucidated. No significant breakthrough occurred simultaneously in clinical and
basic research in the second half of the twentieth century. Indeed, up to the present
moment, in the twenty-first century, it seems unlikely that any new paradigm will
emerge in a short term. In consequence, there is a lack of innovative interventions for
controlled clinical trials, making its therapeutic management very limited [5].

The American and European Associations for the Study of the Liver (AASLD
and EASL) define hepatic encephalopathy as “a brain dysfunction caused by liver
insufficiency and/or portosystemic shunt” and add that “it manifests as a wide
spectrum of neurological or psychiatric abnormalities ranging from subclinical
alterations to coma” [6]. Such a definition encompasses the need for detection,
quantification, and differentiation of other conditions that affect cognition, regard-
less of insufficiency and shunt. Unfortunately, little attention has been paid to the
importance of the differential diagnosis of secondary causes of cognitive deficits
in patients with cirrhosis [5]. In the practice of a reference unit in Brazil, 84% of
the studied population had a concomitant condition that justified or aggravated
the cognitive dysfunction, such as interferon use, major psychiatric illness (mainly
depression), diabetes mellitus, neoplastic disease, use of psychotropic drugs, hypo-
thyroidism, visual impairment, use of illicit drugs, chronic obstructive pulmonary
disease, heart failure, HIV seropositivity, and vitamin B12 deficiency [7].

Approximately 30-50% of patients with chronic liver diseases, such as cirrhosis,
have minimal hepatic encephalopathy, with decreased information processing
speed, attention deficits, and motor incoordination. There is evidence that even
minimal cognitive deficits can have a major impact on quality of life, with decreased
learning and driving ability, as well as increased caregiver overload [5]. The 2014
Practice Guideline on Hepatic Encephalopathy describes minimal hepatic encepha-
lopathy as a condition in which there are “psychometric or neuropsychological
alterations of tests exploring psychomotor speed/executive functions or neurophys-
iological alterations without clinical evidence of mental change” [6]. This definition
has a primary requisite that patients do not present any clinically evident manifesta-
tions of cerebral dysfunction in the clinical evaluation. The Guideline Development
Group suggests that the operational criterion for the diagnosis of this condition
should be “abnormal results of psychometric and neuropsychological tests without
any clinical manifestations”, although it is clear that there are no universal diagnos-
tic criteria and that, therefore, local testing standards are necessary [8].

To overcome all difficulties related to the understanding of hepatic encephalopathy,
it is essential to establish a common language among the several research areas related
to the disease. The aim of this chapter is to provide a general theoretical overview of
the most relevant hypotheses and findings in the neurobiology of hepatic encephalopa-
thy, in order to contribute to the construction of an integrated approach to the subject.

2. The role of intestinal microbiota and enterocytes

Since the 1930s, ammonia has been known to play an important role in the
pathophysiology of hepatic encephalopathy [4]. However, hyperammonemia can be
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found in patients without hepatic encephalopathy, and normal levels of ammonia
can be seen in patients with advanced hepatic encephalopathy [9]. Serum ammonia
dosage is also not a good parameter for evaluating the severity of the disease [10].
In addition, studies have demonstrated that hyperammonemia is not a sufficient
condition to produce cognitive deficits in minimal hepatic encephalopathy [11].

Ammonia is produced in the body from the metabolism of intermediate amino
acids, and its concentration is increased by the action of intestinal bacteria. In
adults, approximately 1000 mmol (17 g) of ammonia is produced per day [12]. In
cirrhotics, its serum concentration increases two to three times, an increase that is
also exacerbated by the induction of glutaminase expression by enterocytes, which
hydrolyzes the amino acid glutamine into glutamate and ammonia to obtain energy
[9]. At least one haplotype of the glutaminase gene appears to be related to a higher
propensity to develop clinically symptomatic encephalopathy, demonstrating that
the constitutive activity of this enzyme undergoes genetic variations [13].

The small and large intestines are colonized by a massive variety of microorgan-
isms, collectively known as microbiota. About two-thirds of the gut microbiota
is unique to each individual, being composed of more than a thousand species of
bacteria, although less than 170 commensals predominate, such as Bacteroides and
Firmicutes [14]. Some studies have shown that the composition of the intestinal
microbiota affects the severity of hepatic encephalopathy by modulating its toxico-
logical profile [15].

Recently, the concept of intestinal dysbiosis has been highlighted as a risk factor
for the development of hepatic encephalopathy [5]. It refers to changes in bacterial
composition, with a decrease in the rate of potentially beneficial autochthons and an
increase in the rate of pathogens such as Staphylococcaceae, Enterobacteriaceae, and
Enterococcaceae [9]. Such alterations potentiate ammonia synthesis and a proinflam-
matory systemic environment, contributing to neuroinflammation [14]. One of the
major obstacles in assessing the impact of these changes, however, is that the compo-
sition of the microbiota varies according to geographic differences, making it practi-
cally impossible to compare individuals from different cultures and environments [9].

The use of non-absorbable disaccharides (e.g., lactulose and lactitol) remains the
mainstay for the treatment and secondary prevention of hepatic encephalopathy.
Although widely known for their laxative properties and their capacity to inhibit glu-
taminase activity, they have the ability to modify positively the intestinal microbiota,
inducing the growth of commensal microorganisms. The 2014 Guideline on hepatic
encephalopathy does not recommend its use for the treatment of minimal hepatic
encephalopathy, but states that exceptions can be made on a case-by-case basis if
there is impairment in driving ability, work performance, or quality of life [16].

3. The role of hepatocytes and endothelial cells

Ammonia reaches the liver through the portal circulation and is purified by peri-
portal hepatocytes, which incorporate it into urea synthesis, or by perivenular hepa-
tocytes, which catalyze the condensation of glutamate and ammonia into glutamine
by the action of glutamine synthetase [9]. The ammonia concentration in the portal
vein ranges from 300 to 600 pmol, dropping to 20-60 pmol in the hepatic veins
[12]. The liver, thus, plays a central role in the regulation of its levels and, in healthy
individuals, removes it almost completely: small amounts of escaping ammonia are
metabolized in the skeletal muscle (which also expresses glutamine synthetase), and
in the kidneys (where more than 70% of it is reabsorbed). In case of hepatic failure
and portosystemic shunt, ammonia escapes this detoxification process, increasing
its serum concentration [9]. This leads the skeletal muscle to play an important role
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in its clearance, but this metabolic pathway is not sufficient to eliminate it from the
body and there is a loss of muscle mass in about 40-76% of those with cirrhosis [17].
Moreover, it is common for such patients to have concomitant zinc deficiency, an
important cofactor for glutamine synthetase, which may aggravate its elimination [9].

In cirrhosis, hepatic gluconeogenesis is impaired. The amino acid precursors of
glucose synthesis, such as alanine, threonine, glycine, and aspartate, are increased,
whereas peripheral anaerobic glycolysis increases lactate and pyruvate levels [18]. Of
particular importance, studies demonstrate that glycine may be an ammoniagenic
amino acid, causing increased ammonia synthesis in the gut and brain through
induction of a reaction mediated by glycine oxidase [19]. This has been explored as
a potential therapeutic target, since the reaction is bi-directional and the removal of
glycine can lead to the use of ammonia to replenish its stocks, lowering its levels [20].

On the other hand, the low systemic availability of glucose causes hepatocytes
to produce more ketone bodies from fatty acids, for the energetic metabolism of
nervous and muscular tissues. However, it is hypothesized that in situations like this,
hepatocytes prioritize the production of energy for its own subsistence rather than
synthesizing products destined for exportation to other tissues [18]. Thus, ketogen-
esis would also be impaired, which is corroborated by significantly decreased beta-
hydroxybutyrate and acetoacetate levels, resulting in a precarious energy metabolism
in the central nervous system in the advanced stages of the disease [18, 21].

Given its location and abundant vascular supply, with immense exposure to
antigens absorbed by the intestine, the liver regulates important immune functions
[9]. In cirrhosis, intestinal bacterial overgrowth associated with hepatocellular fail-
ure triggers a systemic immune reaction, bypassing endotoxins such as membrane
lipopolysaccharides, flagellins, and peptidoglycans for arterial circulation [15, 22].
Circulating cytokines, such as tumor necrosis factor alpha (TNFa), interleukin 1b
(IL-1b) and interleukin 6, induce the synthesis of nitric oxide and prostanoids in
endothelial cells, triggering a state of inflammatory hyperemia that facilitates the
uptake of ammonia by the central nervous system [9]. In addition, the proinflam-
matory cytokines generated by the vascular endothelium activate the cells of the
immune system in the brain parenchyma and the microglia, contributing indirectly
to neuroinflammation [11].

4. The role of astrocytes

Astrocytes are part of the blood-brain barrier and protect neurons from the
toxic effects of ammonia [12]. Its perivascular extensions are rich in aquaporin 4,

a protein constituent of water channels. Astrocytes are among the cells with the
highest glycolytic activity of the central nervous system and are estimated to be
responsible for 30% of its metabolism. They are believed to be particularly suscep-
tible to the development of edema because they are part of the glymphatic system
[23], a paravascular system discovered in 2012, which receives continuous influx of
periarterial cerebrospinal fluid and has a leakage network through the perivascular
spaces into the cerebral veins [24].

Liver failure can result in an uncontrollable rise in ammonia levels, which pene-
trate virtually all organs. Although the central nervous system is partially protected
by the blood-brain barrier, which remains relatively intact until advanced stages of
the disease, excessive amounts of ammonia can overtake it [12, 25]. Therefore, con-
centrations that normally range from 0.2 to 0.3 pmol in normal subjects can reach
the mark of 3 to 5 mmol in patients with hepatic encephalopathy [4]. However,
along with perivenular hepatocytes and skeletal muscle, astrocytes express gluta-
mine synthetase and have the ability to convert ammonia into glutamine [4, 9].

40



The Neurobiology of Hepatic Encephalopathy
DOI: http://dx.doi.org/10.5772/intechopen.86320

The accumulation of glutamine in astrocytes, although not directly toxic, drasti-
cally affects its functioning [26]. Firstly, glutamine has an osmotic action, inducing
predominantly cytotoxic and slightly vasogenic edema [25]. Generally, any
form of edema increases the distance for diffusion of oxygen and metabolites in
the brain parenchyma, exposing microareas of borderline irrigation to hypoxia
[23]. This phenomenon is more pronounced in acute hepatic failure, in which the
counterregulatory mechanisms do not have time to act, but can also be detected in
the magnetic resonance imaging (MRI) of patients with chronic liver failure [9, 26].
Secondly, exceeding glutamine is transported to the mitochondria, where, by
glutaminase action, it is hydrolyzed back into glutamate and ammonia. The passage
of the latter to the interior of the mitochondria causes oxidative stress and modifies
the internal mitochondrial membrane diffusivity, through the opening of perme-
ability transition pore, causing water accumulation in the mitochondrial matrix,
low capacity of oxidative phosphorylation, and low adenosine triphosphate (ATP)
production [11, 12]. This results in a vicious cycle of formation of reactive oxygen
and nitrogen species (free radicals) with mitochondrial damage [9].

Studies with cultures of astrocytes and neurons show that only the former increase
the production of free radicals when exposed to glutamine [12] and that’s why astro-
cytes can be considered the basic morphofunctional unit of hepatic encephalopathy:
the histopathological milestone of the disease is the swelling of astrocytes, both in the
cytoplasm and in the nucleus, with chromatin marginalization, prominent nucleoli
and glycogen accumulation, accompanied by little neuronal alteration [4, 27].

The effects of chronic hyperammonemia and astrocytic edema can be verified
in specific sequences of brain MRI. In the spectroscopy of the basal ganglia, the
Glx/ creatine ratio is increased and myo-inositol/ creatine and choline/ creatine
ratios are decreased [14, 22]. Creatine is a constitutive marker of neurons and
astrocytes. The increase of Glx demonstrates the accumulation of glutamine and
glutamate [22]. This increase, however, seems to present large interindividual vari-
ations, and within a same animal model, there are forms in which there is a gradual
increase, a strong increase followed by a plateau or only by a late rise [21]. Choline
is a marker for the turnover of membrane phospholipids, and its decrease reflects
reduction of basal metabolism of neurons and glial cells [22]. Furthermore, due to
the osmotic imbalance generated by the accumulation of glutamine and glutamate,
astrocytes export choline and myo-inositol, its main osmolyte, to the extracellular
space, which leads to a reduction in the levels of the later, in an attempt to counter-
balance the intracellular edema. This mechanism is known as regulatory volume
decrease [11, 21, 23]. The diffusion-weighted imaging, in turn, shows interstitial
edema resulting from the exportation of osmolytes from the astrocytes into the
extracellular space, both in the white and gray matters. Because of that, multiple
sites in the brain have an increase in mean diffusivity, including the frontal, tem-
poral, inferior parietal, and insular lobes, as well as the corpus callosum, putamen,
thalamus, and pons [22, 27]. The diffusion of water molecules, however, is not free;
it reflects interactions with macromolecules, fibers, and membranes. It is impor-
tant to emphasize that the diffusion-weighted sequences only show changes in the
intra- and extracellular volume, and do not allow a definitive conclusion about the
total amount of water present in the brain parenchyma [23].

5. The role of microglial cells
The activity of astrocytes and neurons can be modulated by microglia. The microg-
lial cells are innate of the immune system, have phagocytic function and perform

active surveillance of the brain parenchyma. In the absence of inflammatory stimuli,
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they remain quiescent and have an aspect endowed with ramifications (resting pheno-
type). When an inflammatory stimulus occurs, they become reactive and acquire an
ameboid aspect (active phenotype), migrating to the injured site, where they prolifer-
ate and produce neurotoxic and neurotrophic factors that control tissue damage and
regeneration. In hepatic encephalopathy, molecules such as ammonia, glutamate, and
some locally produced neuroactive steroids (neurosteroids) may trigger the transition
from the resting phenotype to the active phenotype [11].

Neuroinflammation modulates glutamatergic activity. Studies have shown that
microglial activation in the cerebellum of rats exposed to chronic hyperammonemia
promotes an increase in the production of proinflammatory cytokines, such as
TNFa and IL-1b, in addition to an increase in the expression of TNFa receptors.

Of particular importance, TNFa receptors are also expressed on the surface of
astrocytes and their stimulation induces increased glutaminase, contributing to the
increase of glutamate synthesis [28]. There is also evidence that excess glutamate
causes microglial activation, resulting in an intercellular vicious cycle [11].

Another important neurotransmission system affected by neuroinflammation
includes a class of peripheral gamma-aminobutyric acid (GABA) receptor, known
as translocator protein (TSPO), which is expressed in the outer mitochondrial
membrane of neurons. Although poorly present under normal conditions, microg-
lial activation strongly increases its concentration, which can be seen in cirrhotic
patients through studies with positron emission tomography and carbon 11-labeled
radiotracer that specifically bind to it [11]. It is known that TSPO mediates the
synthesis of neurosteroids from cholesterol, and its increased expression provides an
important link between neuroinflammation and increased GABAergic activity [12].

Like hyperammonemia, neuroinflammation is not sufficient to produce minimal
hepatic encephalopathy: evidence of this is the fact that microglial proliferation can
also be found in cirrhosis without encephalopathy, suggesting that it plays a role much
more associated with neuroprotection than production of tissue damage [11]. Current
knowledge supports the theory that there is the necessity of the coexistence of hyper-
ammonemia and neuroinflammation, interacting synergistically, for the occurrence
of neuropsychiatric disorders [10, 26]. In addition, at least one experimental study
demonstrates that it is possible to produce cognitive deficits with the combination of
these two factors, even in the absence of underlying liver disease [11].

6. The role of neurons

Hepatic encephalopathy has traditionally been assumed to be a metabolic
disorder that affects glial cells but maintains the neuronal architecture preserved.
However, this belief is easily contradicted by the presence of neuronal loss in its
most extreme form: hepatocerebral degeneration. Such disorder is characterized by
chronic manifestations (ataxia, dysarthria, apraxia, and parkinsonian symptoms),
often associated with repeated and prolonged episodes of hepatic encephalopathy.
Its anatomopathological study demonstrates not only astrocytic changes, but also
neuronal loss in the basal ganglia, cerebral cortex, and cerebellum [15].

Most patients who develop episodes of hepatic encephalopathy demonstrate
some degree of brain injury. Studies have shown that previous episodes of hepatic
encephalopathy are risk factors for the development of cognitive impairment,
which persists even after hepatic transplantation. In MRI, these findings are related
to the fall of N-acetylaspartate in spectroscopy, a marker of neuronal density. This
loss may be greater in some brain areas, such as the basal ganglia, which are particu-
larly sensitive to oxidative stress injury, which explains some of its more prominent
clinical manifestations, such as movement disorders [15].
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It is known that in normal individuals, nitric oxide acts as a retrograde neu-
rotransmitter to the neurons, activating the guanylate cyclase, with consequent
increase of the cyclic GMP (cGMP) and decrease of the intracellular influx of
chlorine in the glycine receptors. The resulting electrochemical imbalance decreases
the threshold of neuronal depolarization, facilitating the generation of action
potentials, with subsequent intracellular influx of calcium through ionotropic
channels, which amplifies the phosphorylating cascade of the calcium-calmodulin
complex, in a process that culminates with learning [29].

Hyperammonemia induces an increased expression of nitric oxide synthase in
astrocytes, promoting the formation of excessive amounts of nitric oxide, which
diffuses into the extracellular environment. Prolonged hyperexposure of neurons
adjacent to nitric oxide depletes the formation of cGMP, but the activity of nitric
oxide synthase remains unchanged. The result is a high intraneuronal calcium
influx and subsequent activation of NADPH oxidase, leading to the formation
of superoxide. Superoxide and nitric oxide then combine to form the free radical
peroxynitrite, in another vicious cycle that results in apoptosis [12]. In addition,
neuronal ATP depletion is observed because of low nucleotide synthesis and high
degradation rate, although its levels do not appear to correlate linearly with the
concentration of glutamine and ammonia in the brain parenchyma [21].

Cyclic GMP also plays an important role in the reduction of neuroinflamma-
tion and microglial activation. It is known that this reduction is associated with
an increase in the concentration of IL-1b and TNF« receptors [28]. The fact that
chronic hyperammonemia promotes decreased cGMP production has been explored
as a potential target for drug-based experimental treatments that increase the
concentration of cGMP by inhibiting its degradation (e.g., sildenafil and zaprinast).
One of the major obstacles to this strategy, however, is the fact that cGMP seems
to act within narrow concentration limits, above which its accumulation becomes
equally counterproductive to neuronal activity [29].

Under normal conditions, glutamine and glutamate synthesized by astrocytes
are transferred to neurons, which internalize them via excitatory amino acid
transporters 1 and 2 (EEAT1 and EEAT?). In neurons and astrocytes, the storage
process of glutamate within presynaptic vesicles depends on the activity of vesicular
glutamate transporters (VGLUT), which have three isoforms (VGLUT1-3). The
VGLUTS3 isoform, expressed mainly by astrocytes, is easier to release glutamate
than the VGLUT1 and VGLUT?2 isoforms found in neurons, which depend on
intracellular calcium variations. That is the reason why astrocytes are more likely
to release accumulated vesicular glutamate than neurons [4, 12]. Moreover, gluta-
mate is able to donate amines for the synthesis of serine, a precursor amino acid
of glycine, increasing its synthesis and, consequently, of ammonia in the brain
parenchyma [19]. Hyperammonemia, on the other hand, reduces the expression of
EEAT1 and 2 on the neuronal surface, impairing its capacity of uptake. The result
is the extracellular accumulation of glutamate, with consequent hyperactivation of
adjacent receptors. This sequence of events seems to be the key in the pathophysiol-
ogy of hepatic encephalopathy [4, 12].

7. Effects on neural networks

Cognitive functions—attention, executive functions, memory, visuospatial
skills, language, and social cognition—are the emerging results of neurotransmis-
sion [26]. They depend on the cooperation of multiple cortical areas, connected to
each other through the white matter by bundles and fascicles of axonal fibers, in
circuits known as neural networks. Changes in the synchronization of the activity
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of these different regions contribute to the appearance of neurological deficits. This
synchronization depends on the integrity of the white matter, which modulates the
information processing speed [30].

During the progression of hepatic encephalopathy, the diffusion-weighted
imaging on MRI demonstrates cumulative abnormalities in the white matter. In
addition to interstitial edema, there may be macroscopic atrophy of the white mat-
ter and damage to the microstructural integrity of bundles and fascicles. Studies in
patients with cirrhosis have shown that these changes correlate with the incidence
of attention deficit, executive dysfunction, and increase in the number of falls [30].
The largest reductions appear to occur in the frontal white matter and in the globus
pallidus [27]. In addition, cortical thickness decreases in several regions, such as the
lateral superior temporal gyrus and the precuneus, which may also present correla-
tions, respectively, with attention and visuospatial deficits [30].

The final result of the accumulation of toxic, metabolic, cellular, and immuno-
logical alterations produced by liver failure and portosystemic shunt is the occur-
rence of dysfunction in the main axes of neurotransmission [31]. It is important
to emphasize, however, that a same system may be involved with more than one
cognitive function and that the mechanisms that lead to cognitive impairment are
different from those involved in motor impairment [26]. Table 1 summarizes the
main changes found in neurotransmission. The most known repercussions for each
neural system will be discussed below.

Neurotransmission changes in hepatic encephalopathy

Increased synthesis of neurotransmittersat 1 Glutamate [28]
presynaptic terminals
1 Glycine [19]
1 Histamine [31]
Increased release of neurotransmitters at 1 Glutamate (VGLUT3) [4]

presynaptic terminals

Decreased reuptake of neurotransmittersat 1 Glutamate (| EEAT1 and 2) [4]
presynaptic terminals

1 GABA (reversal of GAT3) [32]
Increased degradation of neurotransmitters 1t GABAergic modulatory neurosteroids [33]

in the synaptic cleft

| Acetylcholine (1 acetylcholinesterase and [34]
butyrylcholinesterase)

| Serotonin (1 MAO-A) [35]
Modulation of receptor activity at 1 GABAergic modulatory neurosteroids [12, 26]
postsynaptic terminals

1 Activity of metabotropic and ionotropic [26]

glutamatergic receptors (AMPA)

| Activity of adenosinergic receptors [36]
Changes in signal transduction cascade at 1 Intracellular calcium [12]
postsynaptic terminals

1 cGMP [28]
Increased synthesis of retrograde 1 Nitric oxide [29]

neurotransmitters at postsynaptic terminals

Table 1.
Main alterations found in neurotransmission in hepatic encephalopathy.
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8. Effects on the glutamatergic system

Glutamate is the main excitatory neurotransmitter of the central nervous system
[31]. Two glutamatergic circuits are particularly important in the pathophysiology of
hepatic encephalopathy: (1) an yet unproven hypothetic pathway that would descend
from the frontal lobe and (2) the perforant pathway originated in the entorhinal cortex.

It is believed that the frontal descending pathway (Figure 1) originates in layer
V pyramidal neurons and projects to the centers of other neurotransmitters in the
brainstem. There, it performs synapses with dopaminergic neurons of the ventral
tegmental area and the substantia nigra, the serotonergic neurons of raphe nuclei
and noradrenergic neurons of the locus coeruleus, influencing their activity [37]. If
this hypothesis is correct, glutamatergic hyperactivity would act as a final pathway
common to the changes induced by hyperammonemia and neuroinflammation, dis-
turbing other neurotransmission systems, in steps that would invoke neuropsychi-
atric symptoms, and, in more severe cases, cause coma [4]. In addition, the frontal
descending pathway would act as a “brake” for the dopaminergic pathway that leaves
the ventral tegmental area toward the accumbens nucleus (located between the puta-
men and the caudate nucleus), influencing its activity through inhibitory GABAergic
interneurons in the brainstem. This would result in tonic inhibition of dopamine
release, with important consequences for executive and motor functions [37].

The perforant pathway (Figure 2) originates in the medial portion of the tem-
poral cortex, called the entorhinal cortex, and projects to the granular cells of the
dentate gyrus. The axons of these cells form a pathway of mossy fibers, which goes
to the Cornu Ammonis (CA) or Ammon’s horn, more precisely to the pyramidal cells
of the CA3 region. Then, the pyramidal cells emit excitatory collaterals, the Schaffer
collaterals, that go to the pyramidal cells of the CA1 region. A brief discharge of
high-frequency stimuli in any of these three components of the perforant pathway
increases the excitatory postsynaptic potentials in hippocampal neurons, which can
last for hours, days, or even weeks. This facilitation is called long-term potentiation
and, in addition to the hippocampus, also occurs in the amygdala, striatum (puta-
men and caudate nucleus), and cerebellar Purkinje cells, being essential for the
formation of new traces of memory and learning [29, 32].

Figure 1.

The frontal descending pathway would originate in the frontal cortex and influence directly or indivectly
(through inhibitory interneurons) the activity of the neurotransmitter centers of the brainstem. AN: accumbens
nucleus, GP: globus pallidus, RN: raphe nucleus, S: striatum, SN: substantia nigra, and T: thalamus.
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Figure 2.

The perforant pathway originates in the entorhinal cortex (EC) and extends to the dentate gyrus (DG), from
which neurons establish synapses with the CA3 and CA1 regions of the hippocampus, being involved with
memory formation.

Glutamate receptors are classified as metabotropic (coupled to G protein) and
ionotropic (bound to ion channels). There are at least eight subtypes of metabo-
tropic receptors and three classes of ionotropic receptors named according to
agonists that selectively bind to them: NMDA (N-methyl-D-aspartate), AMPA
(a-hydroxy-5-methyl-4-isoxazolepropionic acid), and kainate [37]. The first two
have a particular relevance in hepatic encephalopathy, since the accumulation of
glutamate in the synaptic clefts causes its hyperactivation, with excessive calcium
influx [12]. This constant opening (tonic) of the ionotropic channels results in
greater production of free radicals, with consequent neuronal apoptosis [26, 31].
The development of this process in the perforant pathway is a possible explanation
for the episodic memory deficits presented by cirrhotics [12, 32]. Ammonia also
induces apoptosis as a result of overproduction of nitric oxide [12], and this could
explain why in some individuals such deficits become irreversible.

9. Effects on the GABAergic system

Cortical neurons are also modulated by GABA-secreting neighboring inter-
neurons, the main inhibitory neurotransmitter of the central nervous system [31].
Such cells organize themselves so that they can project their axons directly onto
pyramidal cells, inhibiting glutamatergic neurotransmission, or extending their
axons to other GABAergic interneurons that influence pyramidal cells, inhibiting
the inhibition (and therefore, disinhibiting) of glutamatergic activity.

There are three main types (GABA,, GABAg, and GABA() and numerous sub-
types of GABA receptors. GABA, and GABA( receptors are ionic channels sensitive to
ligands and are part of a macromolecular complex that forms an inhibitory chlorine
channel, whereas GABAp receptors are members of a different class, bound to protein
G (metabotropic receptors). Depending on the composition of their subunits, GABA,
receptors may be sensitive to benzodiazepines [37]. Nonbenzodiazepine-sensitive
subtypes are located outside the synapses, capturing not only GABA that diffuses
beyond it but also locally released neuroactive steroids as a consequence of microglial
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activation [31]. Nonbenzodiazepine-sensitive extrasynaptic GABA, receptors
promote tonic inhibition of postsynaptic neurons, as opposed to phasic inhibition
induced by benzodiazepine-sensitive GABA 5 receptors. In addition, GABA 5 receptors
bind effectively to other modulators, such as alcohol and neurosteroids, in a different
location than GABA agonists, the so-called allosteric sites [37].

Experimental studies have shown that, in chronic hepatic encephalopathy,
increased GABAergic tone in the cerebellar cortex results in motor incoordination
[28, 32]. Several theories have been proposed throughout the history to explain the
elevation of the activity of this neurotransmission pathway: (1) increased GABA
synthesis, (2) increased expression of GABA, receptors in postsynaptic terminals,
(3) modulation of GABA 5 receptors by neuroactive steroids, and (4) reversion of
the action of astrocytic GABA transporters [26, 28]. Most studies, however, show
with confidence that: (1) although glutamine is a precursor for GABA, GABA
synthesis is not increased in hepatic encephalopathy and (2) GABA 4 receptor
expression does not change in chronic liver insufficiency [12, 21, 26]. Therefore,
hypotheses (3) and (4) regarding the modulation of GABA, receptors by neuros-
teroids and reversion of the action of astrocytic transporters are those that require
greater considerations.

Experimental studies with acute hepatic failure demonstrate that neurosteroids
synthesized locally by microglial cells from cholesterol participate in the modula-
tion of GABA, receptor activity. Such neuroactive steroids may have an inhibitory
effect (e.g., pregnenolone), functioning as positive allosteric modulators of GABA,,
or excitatory receptors (e.g., allopregnanolone and tetrahydrodeoxycorticosterone),
functioning as negative allosteric modulators of GABA,. It is believed that under
the influence of hyperammonemia, both have their synthesis increased, but it is
difficult to understand what emerges from the elevation of these two classes of hor-
mones, which have antagonic actions [26]. However, the current body of evidence
supports the exploration of GABA 4 receptors as potential treatment targets (e.g.,
pregnenolone sulfate and bicuculline) in chronic hepatic encephalopathy [29].

On the other hand, some of the effects of GABA are terminated by the action of
the GABA transporter (GAT), which acts reuptaking it at the presynaptic neuron
terminal [37]. Although there is disagreement over the exact location of the four
subtypes of GABA transporters (GAT1-4) in pre- and postsynaptic neurons and
glial cells, it is clear that a key transporter in hepatic encephalopathy is GAT3 [38].
It is found on the surface of astrocytes and microglial cells, and its action can be
reversed both in the presence of chronic hyperammonemia and/or glutamatergic
hyperactivity, increasing the availability of GABA in the synaptic cleft and, conse-
quently, the GABAergic tone [28].

10. Effects on the dopaminergic system

The main dopaminergic projections originate predominantly in the neurotrans-
mission centers of the brainstem, especially the ventral tegmental area and substan-
tia nigra. They are modulated by glutamatergic and GABAergic neurons and, among
other functions, regulate movements, reward, and cognition [37]. Three dopami-
nergic circuits are particularly important in the pathophysiology of chronic hepatic
encephalopathy: (1) the mesocortical pathway, (2) the striatal-thalamic-cortical
pathway, and (3) the nigrostriatal pathway.

The mesocortical pathway (Figure 3) originates in the cellular bodies of the ven-
tral tegmental area and extends to the prefrontal cortex, where it regulates execu-
tive functions [37]. The latter correspond to a set of abilities that, in an integrated
way, allow the individual to direct behaviors to goals, to evaluate the efficiency and
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Figure 3.

The mesocortical pathway originates in the dopaminergic neurons in the ventral tegmental avea and extends

to the prefrontal cortex, where it regulates the executive functions. It is influenced by the activity of the frontal

glutamatergic cells through GABAergic inhibitory interneurons. AN: accumbens nucleus, GP: globus pallidus,
S: striatum, SN: substantia nigra, and T: thalamus.

Figure 4.

The striatal-thalamic-cortical pathway originates in the dopaminergic neurons in the accumbens nucleus
(AN) and extends to the globus pallidus (GP), where it regulates GABAergic interneurons that inhibit the
activity of GABAergic interneurons in the thalamus (T), disinhibiting frontal glutamatergic activity. S:
striatum.

adequacy of these behaviors; to abandon ineffective strategies in favor of others
more efficient; and, thus, solve immediate, medium, and long-term problems [3].
It is hypothesized that the dopaminergic neurons of the ventral tegmental area are
influenced by the glutamatergic neurons of the frontal descending pathway [37].
Moreover, in chronic hepatic encephalopathy, there is an increase in the activity of
the enzyme monoamine oxidase B (MAO-B), with increased dopamine degrada-
tion, contributing to the development of a dysexecutive syndrome [33].
Experimental research demonstrates that the striatal-thalamic-cortical pathway
(Figure 4) originates in the nucleus accumbens and projects to the internal globus
pallidus, having an important role in the regulation of motor activity. It is believed
that it is also influenced by the glutamatergic neurons from the frontal lobes, which
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would excite inhibitory GABAergic interneurons. This would lead, in physiological
circumstances, to a decrease in dopaminergic activity that extends from the accum-
bens nucleus to the internal globus pallidus, disinhibiting GABAergic interneurons
that extend from the internal globus pallidus to the thalamus, where another group
of GABAergic interneurons is located, with inhibitory projections to cortical gluta-
matergic cells. If the circuit is normofunctioning, very little dopamine is released
from the accumbens nucleus, increasing the inhibitory activity that the internal
globus pallidus exerts on the thalamus and preventing the latter from restricting
the release of glutamate by the cortical neurons. The result is an increase in fron-
tal glutamatergic activity, responsible for motor function. In rats submitted to a
portosystemic shunt, it is observed that hyperammonemia causes greater activation
of glutamatergic metabotropic receptors in the accumbens nucleus, from which
results a greater release of glutamate in the frontal region, a mechanism involved in
the appearance of mini-asterixis [26]. It is also hypothesized that the portosystemic
shunt can promote a cerebral deposition of manganese, which characteristically
generates a hypersignal in the globus pallidus in T1-weighted sequence on MRI [9].
Moreover, manganese also has a predilection for deposition in substantia nigra,
with a profound toxic action on the dopaminergic neurons, which could induce

or aggravate the parkinsonian symptoms of hepatic encephalopathy [10]. Human
studies, however, do not demonstrate a correlation between the hyperintensity of
the globus pallidus and the severity of motor symptoms [27].

The nigrostriatal pathway (Figure 5) extends from the dopaminergic cell bodies
of the substantia nigra to the striatum, forming part of the extrapyramidal system. It
is modulated by the glutamatergic pathway and the accumbens nucleus, both being
connected to it through inhibitory GABAergic interneurons. In rats submitted to a
portosystemic shunt, hyperammonemia causes activation of glutamatergic ionotropic
AMPA receptors in the accumbens nucleus [26], and neuroinflammation decreases
the expression of glutamatergic transporters EEAT1 and VGLUT1, increasing the
availability of glutamate in substantia nigra [11]. The result of this glutamatergic
hyperactivity is an increase in inhibition of the nigrostriatal pathway [26], whose
deficiency in dopaminergic release leads to the onset of parkinsonian symptoms such
as stiffness, bradykinesia, and tremor [37]. Interestingly, experimental studies show

Figures.
The nigrostriatal dopaminergic pathway originates from the substantia nigra (SN) and extends to the striatum
(S), where it regulates the extrapyramidal system. It is inhibited by GABAergic interneurons in the accumbens

nucleus (AN) or brainstem, the latter being modulated by frontal glutamatergic cells. GP: globus pallidus and
T: thalamus.
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that the activation of glutamatergic metabotropic receptors in the substantia nigra
can also cause a decrease in the locomotion of rodents, since the substantia nigra hasa
second pathway of GABAergic neurons that extends into the thalamus, where a group
of GABAergic interneurons inhibit motor cells, resulting in hypokinesia [26].

11. Effects on the cholinergic system

Acetylcholine is a neurotransmitter and modulator that, when bound to nicotinic
receptors, favors neuronal excitability, and when bound to muscarinic receptors
(mainly of the M2 subtype), inhibits the inhibitory activity triggered by the activation
of GABA , receptors, i.e., disinhibits the postsynaptic terminal [31]. Two cholinergic
pathways are particularly important in the pathophysiology of hepatic encephalopathy
(Figure 6): (1) those originating from the ascending activating reticular system in the
brainstem (particularly the laterodorsal tegmental nuclei and pedunculopontine nuclei)
and (2) those originating from the basal forebrain, an area that includes the nucleus
basalis of Meynert, the medial septal nucleus, and the diagonal band of Broca [37].

The projections of acetylcholine that originate in the ascending reticular activat-
ing system extend to the prefrontal cortex, basal forebrain, thalamus, hypothala-
mus, amygdala, and hippocampus; they are considered to be involved in vigilance
(sustained attention) [39]. Cholinergic neurons that originate in the basal forebrain
extend to the prefrontal cortex, hippocampus, and amygdala; they are involved
with the formation of episodic memory [37].

The effects of acetylcholine are terminated by two enzymes, acetylcholinesterase
and butyrylcholinesterase. Both convert acetylcholine to choline, which is then
transported back to the presynaptic terminal for further synthesis of this neu-
rotransmitter [37]. Cirrhosis is associated with an increase of approximately 30% in
acetylcholinesterase activity in humans, which contributes to a decrease in ace-
tylcholine levels and a consequent potentiation of the effects of GABAergic tonus
[34]. Little is known about how chronic hyperammonemia and neuroinflammation
induce changes in the cholinergic system [31]. There is no correlation, for example,
between serum ammonia levels and acetylcholinesterase activity [34]. However,
experimental studies have shown that the increased availability of acetylcholine in

\ +“+

Figure 6.

The cholinergic pathways originate in the basal forebrain (BF) and reticular formation (RF). They extend to
the prefrontal cortex and medial portion of the temporal cortex. AN: accumbens nucleus, GP: globus pallidus,
S: striatum, and T: thalamus.
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the synaptic cleft, either by direct administration or by inhibition of its degrada-
tion, is related to the reduction in glutamate neurotoxicity and improvement in the
severity of hepatic encephalopathy [31].

12. Effects on the serotonergic system

Serotonin is a neurotransmitter and modulator that favors the excitability of cor-
tical neurons; a decrease in serotonergic tonus potentiates the effects of increased
GABAergic tone [31]. Serotonergic neurons have both ascending and descending
projections (Figure 7). The ascending projections originate in the raphe nuclei in
the brainstem and extend to the cerebellum, hypothalamus, thalamus, amygdala,
hippocampus, striatum, accumbens nucleus, basal forebrain, and prefrontal cortex
[37]. They are related to the regulation of mood, hunger, impulsivity, and circa-
dian rhythm [35]. The descending projections extend to the lower portions of the
brainstem and spinal cord, being important for pain regulation [37].

The dysfunction of the serotonergic system has been widely documented in both
minimal hepatic encephalopathy and overt hepatic encephalopathy: it underlies several
early neuropsychiatric disorders in the disease, such as mood and sleep disorders.
Serotonin levels correlate with the severity of cirrhosis and the degree of portosystemic
shunt [35]. There is an increase in the circulation of 1-tryptophan, the precursor amino
acid of this neurotransmitter, in blood and cerebrospinal fluid. It is hypothesized that
hyperammonemia not only stimulates serotonin synthesis, but also its degradation
by the enzyme monoamine oxidase A (MAO-A), which is shown by the concomitant
increase of the main product of its metabolism, 5-hydroxyindoleacetic acid [31, 33, 35].

Figure7.

The ascending serotonergic pathway originates in the raphe nucleus (RN) and extends to the medial portion of
the temporal cortex and prefrontal cortex, while the descending pathway modulates the activity of the spinal
cord. AN: accumbens nucleus, GP: globus pallidus, S: striatum, and T: thalamus.

13. Effects on the histaminergic system

Histamine acts in conjunction with serotonin to regulate the circadian rhythm
[31]. Histaminergic neurons originate in the tuberomammillary nucleus of the
hypothalamus and make extensive projection throughout the central nervous
system, including the spinal cord (Figure 8) [37]. Significant increase in histamine
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Figure 8.

The ascending histaminergic pathway oviginates in the hypothalamus and extends to the medial portion of the
temporal cortex and prefrontal cortex, while the descending pathway modulates the activity of the spinal cord.
AN: accumbens nucleus, GP: globus pallidus, S: striatum, and T: thalamus.

levels have been documented in patients with hepatic encephalopathy [31].
Histamine is produced from the amino acid histidine [37]; hyperammonemia
increases both the concentration of histidine and the activity of its membrane trans-
porter into the histaminergic neurons, stimulating the synthesis of histamine [31].

14. Effects on the noradrenergic system
In the 1970s, it was believed that hepatic encephalopathy might reflect a distur-
bance in catecholaminergic metabolism [31]. The main projections of noradrenaline

originate in the locus coeruleus, although there are also some in the laterodorsal
tegmental nuclei of the brainstem (Figure 9). They can be ascending or descending,
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Figure 9.

The ascending novadrenergic pathway originates in the locus coeruleus (LC) and extends to the thalamus (T),
medial portion of the temporal cortex, and prefrontal cortex, while the descending pathway modulates the
activity of the spinal covd. AN: accumbens nucleus, GP: globus pallidus, and S: striatum.
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Ascending projections regulate vigilance and mood: they end diffusely throughout
the brain, including many of the same sites for which serotoninergic pathways extend,
although there are few noradrenergic extensions to the striatum and accumbens
nucleus. The descending projections extend to the spinal cord and regulate pain [37].
Currently, it is widely accepted that changes in catecholaminergic metabolism do
not precipitate hepatic coma [31]. Studies have shown that, in patients with cirrho-
sis, there is no decrease in norepinephrine concentration in most brain regions, with
the maintenance of al and o2 receptor density. However, it is assumed that more
subtle chronic changes may coexist with some neuropsychiatric symptoms, such as
depression and anxiety [31, 33].

15. Effects on the adenosinergic system

Adenosine is a modulator of neuronal excitability, which inhibits postsynaptic
potentials generated by classical neurotransmitters, such as glutamate, GABA,
dopamine, and serotonin. Since 1960s, studies have shown reduced expression of
adenosinergic receptors in the striatum and cortex of patients with mild hepatic
encephalopathy [31].

Although the mechanisms through which adenosine exerts its function are still
not fully understood [36], it is known that the decrease in the expression of its
receptors occurs in the early stages of the disease and contributes to an increase
in glutamatergic activity, potentializing its excitotoxic effects, while increasing
GABAergic tone, also potentializing its inhibitory effects [31].

16. Final Considerations

The twentieth century provided the greatest scope of information on the
neurobiology of hepatic encephalopathy throughout history, but failed to create
an integrated theory that would allow the adoption of more effective intervention
strategies. This was due to the reductionist view that a single process would have
primacy over the others, with the emphasis on hyperammonemic theory being
its greatest example. As other factors such as the composition of the intestinal
microbiota, synergism with neuroinflammation, and the role of glutamatergic and
GABAergic tonus balance were discovered, it became clear that this traditional and
linear view of scientific research allows the understanding of the initial state of
multiple dysfunctional systems, but is not able to predict the overall behavior of the
disease. As twenty-first century progresses, it is imperative to incorporate concepts
such as convergence, emergency, and complexity into research related to the theme,
both in diachronic and synchronic processes, for the construction of a true dynamic
and integrated vision that allows more effective therapeutic interventions, in a total
hermeneutical cycle.
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Chapter 4

Non-alcoholic Fatty Liver Disease
and Surgery

Monjur Ahmed

Abstract

There is an epidemic of nonalcoholic fatty liver disease (NAFLD) paralleling the
epidemic of obesity and metabolic syndrome. NAFLD is the most common cause of
abnormal liver function test and chronic liver disease in the Western world. NAFLD
can progress to nonalcoholic steatohepatitis, cirrhosis of the liver, and hepatocel-
lular carcinoma. Most patients with NAFLD die from cardiovascular disease and
malignancy. Medical therapy for NAFLD is not very effective at the present time.
Treatment of NAFLD starts with weight loss. Bariatric surgery is able to cause sig-
nificant and sustained weight loss. There are different models of bariatric surgery.
Commonly performed ones are Roux-en-Y gastric bypass (RYGB), sleeve gastrec-
tomy, and laparoscopic adjustable gastric banding (LAGB). They can improve
steatosis, steatohepatitis, and fibrosis in non-cirrhotic and compensated cirrhotic
patients. Each of them has benefits and risks. The bariatric surgical procedures need
to be individualized according to the patient’s condition.

Keywords: nonalcoholic fatty liver disease, bariatric surgery, role of surgery in
NAFLD, liver transplantation and NAFLD

1. Introduction

There is a tremendous rise in the prevalence of nonalcoholic fatty liver disease
(NAFLD) throughout the world [1]. About 20% of the world population suffer
from NAFLD [2]. NAFLD is the most common cause of chronic liver disease in the
developed countries. In the United States, it is the second most common indication
of liver transplantation. It affects all age groups and ethnicities [3]. The epidemic
of NAFLD parallels the epidemic of obesity and metabolic syndrome in the world.
In fact, most (80%) of the patients suffering from NAFLD are overweight [4], and
85% of morbidly obese individuals with body mass index (BMI) >40 have NAFLD
[5]. As the disease is related to insulin resistance, 70% of non-insulin-dependent
diabetic patients suffer from NAFLD [6]. The disease starts with benign revers-
ible macrovesicular steatosis affecting more than 5% of the hepatocytes. Then it
progresses to nonalcoholic steatohepatitis (NASH), steatofibrosis, cirrhosis of the
liver, liver failure, and hepatocellular carcinoma [7]. Weight loss, pharmacologi-
cal intervention, and bariatric surgery are the three main modes of therapy of
NAFLD. Weight loss by diet, exercise, and lifestyle modification is the first-line
treatment of NAFLD. There are few pharmacologic agents available for the treat-
ment of NAFLD. But as it is difficult to lose weight and maintain targeted body
weight by lifestyle modifications, and pharmacological interventions are not
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that successful, there is a potential role of bariatric surgery in the treatment of
NAFLD. In this chapter, we will be discussing the indications and types of bariatric
surgery as well as their benefits and risks.

At the present time, bariatric surgery is indicated only for morbidly obese
individuals. The American Society for Metabolic and Bariatric Surgery (ASMBS)
recommends bariatric surgery for individuals who have BMI of >40 or >35 plus at
least one or more obesity-related complications (type II diabetes mellitus, hyper-
tension, hyperlipidemia, obstructive sleep apnea, nonalcoholic fatty liver disease,
gastrointestinal disorders, osteoarthritis, heart disease) and have failed to achieve
targeted weight loss despite diet and exercise [8]. The American Association for
the Study of Liver Diseases (AASLD) recommends to consider bariatric surgery in
otherwise obese individuals with NALFD or NASH.

Bariatric surgery is able to achieve severe (40-71%) weight loss and improve
insulin resistance and obesity-related metabolic complications [9]. There are many
studies showing the benefits of weight loss in NAFLD following bariatric surgery.
But at the present time, there is no large randomized control trial evaluating the
effects of bariatric surgery in NAFLD.

Bariatric surgical procedures are classified into three broad categories on the
basis of their mechanism of action [10]:

1. Restrictive procedures: The size of the stomach is surgically reduced, and as a
result, the food intake is diminished. These procedures include sleeve gas-
trectomy, laparoscopic adjustable gastric banding (LAGB), and vertical band
gastroplasty (not done anymore because of high complication rate and diffi-
culty in maintaining weight loss). In sleeve gastrectomy (Figure 1), the gastric
fundus and greater curvature of the stomach are resected vertically (>80% of
the stomach is removed) making the stomach tubular (like a banana) with less
capacity (initial filling volume of <100 ml) and less stretchy with rapid gastric
emptying. Feeling of hunger is reduced because of resection of fundus con-
taining ghrelinergic cells [11]. In LAGB (Figure 2), an adjustable and inflatable
silicone band is placed around the upper stomach dividing the stomach into
two compartments: a proximal small gastric pouch (20-30 ml volume) and

Gastric sleeve
(new stomach)

>
"\.—u—l"'/

Removed
portion of
i\ stomach

Figure 1.
Sleeve gastrectomy.
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Figure 2.
LAGB.

a distal larger residual stomach. The size of the opening between the gastric
pouch and the residual stomach can be adjusted as the band is connected to a
subcutaneous infusion port [12].

2.Malabsorptive procedures: A long segment of the small intestine is bypassed,
and as a result, the digestive juices digest the food in the distal part of the
small intestine, and malabsorption of food occurs. These procedures include
biliopancreatic diversion with duodenal switch (Figure 3) and biliopancreatic
diversion (Figure 4).

In biliopancreatic diversion (BPD) with duodenal switch (DS), the stomach size
is first reduced by doing a partial sleeve gastrectomy and preserving the pylorus.
Then the first part of the duodenum is divided distal to the pylorus. The distal

Figure 3.
BPD with duodenal switch.
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Figure 4.
Biliopancreatic diversion (BPD).
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end of the duodenum is closed. The jejunum is then divided 250 cm proximal

to the ileocecal valve. The distal end of the jejunum is then anastomosed to

the proximal end of the duodenum creating a duodenojejunostomy (duodenal
switch). The proximal end of the jejunum is then attached to the ileum 100 cm
proximal to the ileocecal valve. As a result, there is restriction of food intake due
to gastric sleeve, and most of the small intestine is bypassed leading to malab-
sorption of nutrients. The biliary pancreatic limb carries biliary and pancreatic
secretions into the distal part of the ileum (biliary pancreatic diversion).

In biliopancreatic diversion (BPD), the lower and middle third of the stomach is
resected leaving a small gastric pouch. The upper end of the duodenum is closed.
The distal jejunum is divided. The distal end of the jejunum is then anastomosed
to the gastric pouch. The proximal end of the jejunum is then anastomosed to the
distal ileum forming a short common channel in which biliary and pancreatic
juices mix with food prior to proceeding into the colon [13].

3.Hybrid procedures: There is combination of restriction of food intake and mal-
absorption of food. The typical example is Roux-en-Y gastric bypass (RYGB).
This procedure divides the upper part of the stomach to create a small gastric
pouch with a capacity of 20-30 ml (Figure 5). The proximal jejunum is divided
50 cm beyond the ligament of Treitz. The distal jejunal end is then connected
to the gastric pouch. The proximal jejunal end of the small bowel is sutured
to the jejunum (75-150 cm from the gastric pouch) to form the so-called
Roux-en-Y reconstruction. The small gastric pouch (restrictive component)
causes early satiety and helps in decreasing food intake. The Roux or alimen-
tary limb (typically 75-150 cm long) extends from the gastric pouch to the
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The small intestine
is connected to the

Figures.
RYGB.

jejunojejunostomy site and carries ingested food. The proximal biliopancreatic
limb (30-60 cm long) containing excluded stomach, duodenum, and proximal
jejunum transfers biliary and pancreatic secretions to the jejunojejunostomy
site. Most of the digestion and absorption occur in the common channel which
extends from the jejunojejunostomy site to the ileocecal valve.

A schematic diagram of different bariatric surgeries is shown below.

2. Benefits and risks of bariatric surgery on NAFLD

Sleeve gastrectomy: Different studies were done to find out the effect of sleeve
gastrectomy on NAFLD. Algooneh et al. observed that 56% of total 84 transabdom-
inal ultrasonographically diagnosed NAFLD patients showed complete resolution
of hepatic steatosis 3.3 years (average) after isolated sleeve gastrectomy [14]. Karcz
et al. found that there was significant reduction (>50%) of transaminases in NASH
patients within 6 months of isolated sleeve gastrectomy [15]. Parveen-Raj et al.

did a prospective observational trial and found that surgically induced weight loss
improved NAFLD histology significantly 6 months after isolated sleeve gastrectomy
in morbidly obese patients [16].

LAGB: There have been several studies showing the effects of LAGB on
NAFLD. Most of the studies reported improvement of hepatic steatosis, steatohepa-
titis, and fibrosis, but some studies showed mild increase in fibrosis.

Few LAGB studies with their effects on NAFLD are mentioned in Table 1.

Biliopancreatic diversion (BPD) and biliopancreatic diversion with duodenal
switch (BPD with DS): Both procedures produce long-term malabsorption and
severe weight loss. They are not widely done. Their effects on NAFLD are summa-
rized in two studies in Table 2.

In patients with BPD with DS, the transient deterioration of transaminases
and steatohepatitis seen in the first 6 months postoperatively was possibly due to
rapid weight loss. Transaminases became normalized by 12 months. Then there
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Study Outcome Sample size Follow-up
Luyckx et al. [17] | Steatosis 69 27 + 15 months
1 Mild hepatitis
Busetto et al. [18] | Steatosis 6 24 weeks
Stratopoulas et al. [19] | Steatosis 51 17 months
| Steatohepatitis
| Fibrosis
Jaskiewicz et al. [20] | Steatosis 87 41 months
| Steatohepatitis
Phillips et al. [21] | Steatosis 29 3 months
| Gamma-glutamyl
transferase
Dixon et al. [22] | Steatosis 60 29.5 + 10 months
| Steatohepatitis
| Fibrosis
Mathurin et al. [23] | Steatosis 381 60 months
| Fibrosis
Table 1.
Summary of LAGB studies showing effects on NAFLD.
Study Type of Outcome Sample Follow-up
surgery size
Keshishian BPD with Transaminases and NASH worsened 78 36 months
etal. [24] DS at 6 months Steatosis and NASH
decreased after 6 months
Kral et al. [25] BPD Severe fibrosis decreased in 27% 104 41 + 25 months
and mild fibrosis appeared in 40%:
41 + 25 months after BPD
Table 2.
Summary of effects of BPD and BPD with DS on NAFLD.
Study Outcome Sample size Follow-up
Mottin et al. [26] | Steatosis 90 12 months
Matter et al. [27] | Steatosis 90 12 months
| Fibrosis
Clark et al. [28] | Steatosis 16 305 + 131 days
| Steatohepatitis
| Fibrosis
Silverman et al. [29] | Steatosis 91 18.4 months
| Fibrosis
Lie et al. [30] | Steatosis 39 18 months
| Steatohepatitis
| Fibrosis
Barker et al. [31] | Steatosis 19 21.4 months
| Steatohepatitis
| Fibrosis
Klein et al. [32] | Steatosis 7 12 months
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Study Outcome Sample size Follow-up
Furuya et al. [33] | Steatosis 18 24 months
| Fibrosis
Weiner et al. [34] | Steatosis 116 18.6 + 8.3 months
| Steatohepatitis
| Fibrosis
De Almeida et al. [35] | Steatosis 16 23.5 + 8.4 months
| Steatohepatitis
| Fibrosis
Table 3.

Summary of effects of RYGB on NAFLD.

was progressive improvement of steatosis and steatohepatitis up to 3 years. In
patients who had BPD, the appearance of mild fibrosis was possibly related to
severe diarrhea, hypoalbuminemia, some intake of alcohol, and postmenopausal
status.

Roux-en-Y gastric bypass (RYGB): Effects of RYGB have been studied exten-

sively in different studies. Most of the studies showed improvement of steatosis,
steatohepatitis, and hepatic fibrosis. Summary of some of the RYGB studies are
mentioned in Table 3.

3. How does bariatric surgery help NAFLD?

65

1. By achieving weight loss: Weight loss is the key in the treatment of NAFLD
[36]. Seven to ten percent of weight loss by lifestyle modification has been
shown to improve hepatic steatosis and steatohepatitis [37]. Significant and
sustained weight loss is common after bariatric surgery.

2. By improving insulin resistance: Obesity is associated with insulin resistance,

i.e., insulin receptors fail to work. How does this happen? Adipose tissue works
as a metabolically active endocrine organ and produces proinflammatory
cytokines—TNF-a, IL-1, IL-6, IL-8, IL-18, and C-reactive protein [38]. In
obesity, excessive production of these cytokines occurs leading to a proinflam-
matory state which is associated with insulin resistance. Adiponectin is a fat
cell hormone produced in the white adipose tissue. It plays an important role
in the regulation of glucose and fat metabolism in insulin-sensitive tissues. It
increases fatty acid oxidation and decreases de novo synthesis of fatty acid.

In diet-induced obesity, the circulating level of adiponectin is paradoxically
decreased [39]. Hypoadiponectinemia in obesity is associated with insulin
resistance [40]. In obesity, excessive intraperitoneal fat promotes free fatty
acid (FFA) reflux directly into the hepatocytes via the portal vein [41]. FFA
metabolites (long-chain acyl-CoAs and diacylglycerol) then transfer cyto-
plasmic protein kinase Cs to the cell membrane. Subsequently, intracellular
portions of insulin receptors are phosphorylated by protein kinase C leading to
insulin resistance.

As aresult of insulin resistance, lipolysis occurs in the adipose tissue with
increased levels of plasma FFA and excessive influx of FFA into the hepatocytes.
In the hepatocytes, fatty acid oxidation is inhibited, and de novo synthesis of
fatty acid occurs leading to triglyceride synthesis and hepatic steatosis.
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Bariatric surgery reduces insulin resistance by decreasing production of proin-
flammatory cytokines and improving the adiponectin level.

3.By improving dyslipidemia: NAFLD is associated with increased levels of
serum triglyceride (TG) and low-density lipoprotein (LDL) and decreased
level of high-density lipoprotein (HDL). As they are the main risk factors for
the development atherosclerosis and coronary artery disease, cardiovascular
disease is the main cause of mortality in NAFLD patients [42]. Bariatric
surgery significantly improves the dyslipidemic state, and most of the patients
do not need anymore lipid-lowering agents [43].

4. By improving the metabolic hormone profile: Gastrointestinal hormones play
important roles in the success of weight loss and thus improve manifestations
of metabolic syndrome following bariatric surgery. Ghrelin is the hunger
hormone (orexigenic) mainly produced in oxyntic glands of gastric fundus
[44]. Ghrelin also increases gastrointestinal motility and decreases insulin
secretion [45]. In patients with Roux-en-Y gastric bypass, sleeve gastrectomy,
and BPD with DS, ghrelin levels are profoundly low, and this may explain loss
of hunger sensation and rapid weight loss in these patients [46, 47]. Glucagon-
like peptide-1 (GLP-1) is secreted by the L cells in the distal ileum and colon.
It promotes glucose-dependent insulin secretion, inhibits glucagon secretion,
delays gastric emptying, inhibits gastric acid secretion, and reduces hunger
sensation. Peptide tyrosine-tyrosine (PYY) is co-secreted with GLP-1 by the
L cells of the distal ileum and colon after ingestion of food. It reduces hunger
[48], delays gastric emptying, and decreases gastric acid secretion [49]. Serum
levels of GLP-1 and PYY are high in post-RYGB patients because of rapid
delivery of nutrients to the distal gut. As a result, the post-RYGB patients
experience early satiety, their blood glucose and triglyceride levels decrease,
and HDL level increases. The metabolic improvement can be seen as early as
2 days after surgery and do not correlate with the degree of weight loss. Many
patients’ diabetes mellitus, hypertension, and dyslipidemia either disappear
or get under control. The improvement of components of metabolic syndrome
has positive effects on NAFLD.

4. Bariatric surgery and cirrhosis of the liver

Bariatric surgery carries an increased risk of morbidity and mortality in patients
with cirrhosis of the liver due to NAFLD. Risk assessment should be done by
evaluating the severity of liver disease and presence of hepatic reserve. The Child-
Turcotte-Pugh (CTP) score and the Model for End-Stage Liver Disease (MELD)
score can predict postoperative mortality. The presence of portal hypertension
(HVPG >10 mm Hg) indicates worse outcome. Clinically patients may have gas-
troesophageal varices, ascites, and splenomegaly with thrombocytopenia [50].
Transjugular intrahepatic portosystemic shunt (TIPS) placement is an option
for these patients to reduce postoperative complications [51]. There has been no
randomized clinical trial of doing bariatric surgery on cirrhotic patients due to
NAFLD. Most of the studies were done on unsuspected compensated cirrhotic
patients. Brolin et al. published a study in 1998 on unsuspected cirrhotic patients
discovered during surgery. Four percent of patients died in the perioperative
period, and 8% died late due to liver disease [52]. Mosko et al. reviewed nationwide
data collection of patients who had bariatric surgery in the United States between
1998 and 2007 [53]. Non-cirrhotic patients had less mortality and shorter length
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of hospital stay in comparison with compensated and decompensated cirrhotic
patients (mortality 0.3 vs. 0.9 and 16.3%, respectively, and length of stay 3.2 vs.

4.4 and 6.7 days, respectively). The study also found that high-volume centers
(performing >100 surgeries per year) had lower mortality rate (0.2 vs. 0.7%;

p < 0.0001) than low volume centers (performing <50 surgeries per year). Shimizu
et al. did a study on 22 Child’s A and 1 Child’s B cirrhotic patients who underwent
laparoscopic RYGB, laparoscopic sleeve gastrectomy, and LAGB between 2004 and
2011. No patient had decompensation of liver disease after surgery [54]. Pestana

et al. did a retrospective review on 14 Child’s A cirrhotic patients (4 with portal
hypertension and 10 without portal hypertension) who had bariatric surgeries
(sleeve gastrectomy and gastric bypass) between 2009 and 2011. Significant weight
loss with improvement of hepatic steatosis, diabetes mellitus, hypertension, and
dyslipidemia occurred. None of them had peri- or postoperative surgical complica-
tions or bleeding [55].

From the above studies, it is apparent that bariatric surgeries can be safely per-
formed in high-volume centers with acceptable morbidity and mortality in carefully
selected compensated cirrhotic patients. The next question comes: What type of
bariatric surgery is suitable for cirrhotic patients? Currently, three types of bariatric
surgery are most commonly done. These include laparoscopic RYGB, laparoscopic
sleeve gastrectomy, and LAGB. Each type has its own pros and cons which are
mentioned in Table 4.

Modality of gastric bypass surgery should be individualized according to
patients’ comorbidities and pros and cons of each type of surgery. Sleeve gastrec-
tomy is becoming more popular. Although bariatric surgery poses significant risks
to patients with cirrhosis due to NAFLD, the considerable benefits of significant

Type of Pros Cons

surgery

Laparoscopic Most significant weight loss out 1. Endoscopic access to the excluded stomach
RYGB of the three procedures is difficult if there is a need to deal with

gastroduodenal bleeding, biliary obstruction,
pancreatic mass, or cyst when patients may
need laparoscopic gastroduodenoscopy [56] or
EUS-guided transgastric access for ERCP and
EUS/FNA [57, 58]

2.Malabsorption of micronutrients and vitamin
may cause progressive liver dysfunction

3. Alteration of anatomy may complicate future

liver transplantation
LAGB Least invasive procedure out of Foreign device implantation may cause infection,
the three particularly in the presence of ascites Currently

contraindicated by the FDA to be placed in
cirrhosis of the liver [59]

Laparoscopic 4.Technically less challenging Risk of significant bleeding in patients with
sleeve to the surgeon with short gastric varices
gastrectomy operating time

5. Does not cause malabsorp-
tion of micronutrients and
vitamins

6.No requirement of foreign
device implantation

EUS, endoscopic ultrasound; ERCP, endoscopic retrograde cholangiopancreatography; FNA, fine needle aspiration.

Table 4.
Pros and cons of different types of bariatric surgery in cirrhosis of the liver.
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weight loss (including decreasing the risk of cardiovascular diseases and malig-
nancy) and candidacy for liver transplantation may overweigh the risks. The
AASLD guidelines published in January 2018 do not recommend bariatric surgery
to patients with cirrhosis of the liver attributed to NAFLD as the type, safety, and
efficacy of bariatric surgery are not yet established in this group of patients [60].

5. Bariatric surgery and orthotopic liver transplantation

Some transplant centers have a strict criteria of not performing orthotopic
liver transplantation with BMI > 35. Orthotopic liver transplantation in morbidly
obese patients is technically difficult and can be associated with increased bleed-
ing, postoperative complications, morbidity, and mortality [61]. The longevity
of morbidly obese transplanted patients is also shortened. Pretransplant bariatric
surgery is considered in these patients to reach the BMI goal for liver transplanta-
tion. Lin et al. did a retrospective study in pretransplant morbidly obese patients
and found that laparoscopic sleeve gastrectomy was safe and successful in causing
significant weight loss and improving candidacy for liver transplantation [62]. On
the other hand, one third of post-liver transplant patients become obese, and some
of them become morbidly obese due to increased appetite, increased calorie intake,
sedentary lifestyle, and corticosteroid therapy. A proportion of these patients may
develop metabolic syndrome and NAFLD in the transplanted liver. Both RYGB and
laparoscopic sleeve gastrectomy have been found to be safe and feasible in post-liver
transplant morbidly obese patients [63, 64]. Another small study showed combined
liver transplantation and sleeve gastrectomy in morbidly obese patients led to effec-
tive weight loss and less metabolic complications. There was no mortality or graft
loss in those patients [65]. So bariatric surgery has been found to be safe before,
during, and after liver transplantation in selected patients in small studies although
there is no consensus about the optimal timing yet.

6. Conclusion

With the epidemic of obesity, there will be steep rise in performing bariatric
surgery on NAFLD patients. Multiple cohort studies suggest that bariatric surger-
ies are extremely effective in lowering significant amount of body weight and in
improving the metabolic syndrome and histology of NAFLD. Bariatric surgery
helps NAFLD in achieving significant and durable weight loss, decreasing insulin
resistance, ameliorating dyslipidemia, and improving metabolic hormone pro-
file. As most of the patients with NAFLD die from cardiovascular diseases and
malignancy, bariatric surgery should be considered in otherwise obese individuals
with NAFLD. The commonly used bariatric surgeries include laparoscopic RYGB,
laparoscopic sleeve gastrectomy, and LAGB. According to cohort studies, bariatric
surgeries can be performed safely in patients with compensated Child’s A cirrhosis
attributed to NAFLD. But at the present time, AASLD does not recommend bar-
iatric surgery in patients with cirrhosis attributed to NAFLD because of the lack
of randomized controlled trial. Prospective randomized controlled trials are also
needed in morbidly obese patients with end-stage liver disease attributed to NAFLD
to find out whether performing simultaneous orthotopic liver transplantation and
bariatric surgery are safe and effective.
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Abstract

In this chapter we aim at presenting the state of the art in liver surgery. After
a brief introduction about natural evolution of hepatocellular carcinoma (HCC)
either in cirrhotic or non-cirrhotic patients, this manuscript will focus on planning
and timing surgery: CT evaluation of the remnant liver; biopsy and ultrasonogra-
phy (US) evaluation of liver disease; intraoperative US; surgical techniques, such
as major and limited hepatectomies and two-stage hepatectomies, each of them in
open or mini-invasive approach; and their possible complications. Follow-up and
further interventions during expected recurrences will be highlighted. Our chapter
will also treat topics such as patient’s quality of life, importance of multidisciplinary
evaluation and the role of surgeon in it.

Keywords: HCC, liver cirrhosis, liver surgery, open surgery, laparoscopic liver
surgery, robotic liver surgery, HCC management, HCC follow up,
staged hepatectomy, ALPSS

1. Introduction

Hepatocellular carcinoma (HCC) accounts for about 75-85% of primary liver
malignancy. Being the most common histotype of liver cancer, it contributes signifi-
cantly to global disease and mortality. Liver cancer ranks sixth for worldwide incidence
and third for worldwide mortality. In Europe it ranks 14th for incidence and 8th for
mortality [1]. In cirrhotic patients it remains one of the major causes of death [2, 3].

HCC incidence is worldwide heterogeneous because of the distribution of its
main risk factors: hepatitis B, hepatitis C, alcoholic hepatitis, non-alcoholic fatty
liver disease (NAFLD) and steatohepatitis (NASH) (Table 1) [4] chronic liver
disease is the main background in which HCC arises (70-90% of all patients) [2].

It usually develops in cirrhotic liver, even if 10-20% of cases involve patients not yet
cirrhotic [3]. These ones tend to receive a late diagnosis, due to the lack of symp-
tomatology in early stage and/or inadequate surveillance [3].
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Parameter Mean incidence in cirrhotic liver Mean incidence in non-cirrhotic liver
HBV 41.65% 30.60%

HCV 44.18% 14.36%

Alcoholic hepatitis 30% 21.77%

NAFLD-NASH 6.48% from a single study 6.45% from a single study

Desai et al. [3].

Table 1.
HCC incidence in cirrhotic and non-civrhotic patients per risk factor.

Clinical evaluation and multidisciplinary approach are fundamental to submit
patients to the most appropriate treatment. Assessment must consider patients’
characteristics (general conditions, performance status, physiological age, life expec-
tancy, treatment tolerability), HCC stage, oncological principles and liver status [4].

Several approaches, both surgical and non-surgical, are available for HCC treat-
ment. Surgery is the first-line treatment in terms of overall survival and disease-
free survival [5].

Surgical approaches include liver resections (LRs) and liver transplantation (LT).

LR is the gold standard in non-cirrhotic liver, whereas cirrhotic patients should
be properly selected because of higher risk of complications [5].

LT allows radical tumor removal (RO) combined with the cure of underlying
liver disease [6]. It is the treatment of choice in patients unsuitable for resec-
tive surgery that fall within the Milan criteria [5]. LT is indicated in patients
<65 years (extended to 70 and 70+ patients, in some cases) [7] with severe
cirrhosis (MELD > 15). According to the Milan criteria, patients should have
a single nodule <5 cm or up to three nodules measuring <3 cm [8, 9], with no
macroscopic vascular invasion nor extrahepatic metastases [5, 9]. After some
years of experience, the Milan criteria were extended, developing up-to-seven
criteria, in which patients are considered eligible for liver transplant when the
sum of the size (in cm) of the largest tumor and the number of lesions is <7, in
the absence of microscopic vascular invasion [10]. Up-to-seven criteria should be
used carefully because overall survival decreases as the number and size of tumor
grows [11]. This principle is called “Metro ticket” [12]. Because of organs’ low
availability, lower recurrence risk patients shall be selected for transplantation
in order to optimize organ allocation [12]. Resection and noninvasive therapies
could be performed to control lesion progression during waiting period (bridg-
ing) or in order to downstage HCC [5, 6]. Liver function in waiting list is com-
monly evaluated through Child-Pugh (CTP), MELD and MELD-Na scores [13].
The latter is a good predictor of waitlist mortality in cirrhotic patients, so it shall
be taken into account to improve organ allocation system [14]. Pretransplant
mortality rate in liver malignancy accounts for about 10 deaths per 100 patient
years of waiting [15].

Non-surgical approaches include percutaneous radiofrequency thermoablation
(RFA), microwave thermoablation (MWA), drug-eluting bead transarterial chemo-
embolization (DEB-TACE), transarterial radioembolization (TARE), percutaneous
ethanol injection (PEI), cryoablation and laser ablation (LA). Except from ther-
moablations, which are considered curative in small lesion (<2 cm), non-surgical
approaches are commonly palliative [16]. Elderly, very elderly and frail patients,
either at presentation or in the case of recurrences, may benefit from these tech-
niques in terms of survival and quality of life [4].

RFA and MWA are the most appropriate treatment in patients with BCLC 0 and
A tumors not eligible for surgery [5, 17]. RFA induces coagulative necrosis in tumor
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cells and in a “safety ring” of peritumoural tissue using frictional heat generated by
high-frequency alternating current. Lesions adjacent to the vessels and biliary tree
or in subcapsular positions could compromise RFA effectiveness and safety

[5, 18, 19]. However, microwave ablation has been recognized as effective in this
kind of lesions, due to damage concentration and less heat dispersion [17, 20]. MWA
uses electromagnetic energy to induce a larger necrotic area than RFA thanks to
faster heating and higher temperature [17]. Overall, RFA and MWA provide similar
results in terms of local control and survival rates [17].

DEB-TACE induces tumor necrosis through intraarterial delivery of micro-
spheres fulfilled with chemotherapic drug that may vary in size and chemothera-
pic agent to treat different types of HCC [21]. This technique profits from the
presence of a singular artery feeding the tumor. TACE is a palliative treatment
indicated in patients not eligible for surgery or percutaneous ablation, with
tumor at stage BCLC B (Child-Pugh < B8; PS < 2). HCC nodule >10 cm, macro-
scopic vascular invasion, extrahepatic disease, untreatable ascites, jaundice and
kidney disfunction strongly contraindicate TACE [4, 5]. Potential adverse effects
are liver enzyme abnormalities (18.1%), fever (17.2%), hematological/bone mar-
row toxicity (13.5%), pain (11%), vomiting (6%) and even death (0.6%) for liver
failure [5].

RFA can be used as a complementary technique with TACE, to treat residual
neoplastic tissue [22]. Patients with bigger nodules (>3 cm) and with capillary
vascularization receive higher benefit from this combination [5, 23].

TARE is also called selective internal radiation therapy (SIRT). It is a pallia-
tive brachytherapy that uses radioactive substances (Y*’-microspheres) injected
into tumor-feeding arteries. This complex procedure is indicated in patients with
conserved liver function (Child-Pugh < 8, bilirubin < 2.0 mg/dl, no ascites) and
locally advanced HCC, not eligible for surgery or TACE (portal system invasion
or unencapsulated large lesions). Pulmonary shunt and other vascular anomalies
contraindicate to this technique [4, 5].

PEI induces tumor cell necrosis through dehydration, protein denaturation
and small tumor vessel disruption. It is indicated in patients not eligible neither
for resection nor for other forms of ablation, especially in HCC nodules <3 cm in
the hepatic hilum area. The application of this procedure is restricted because it
allows only an incomplete necrosis in lesions >3 cm and leads to high recurrence
rate [5, 24].

Cryoablation induces tumor cell necrosis using recurring applications of freez-
ing temperature. Despite its good efficacy, this procedure is barely used because it is
associated with high risk of life-threatening complications such as cryoshock, cold
injury to adjacent organs and massive bleeding [25].

LA induces tissue necrosis through conversion of absorbed light (usually
infrared) into heat. It can be used to treat up to five lesions, measuring <5 cm,
located in the deep parenchyma and distant from the vessels, biliary ducts, bowel or
diaphragm, when patients are not eligible for resection [26]. It is rarely used because
of difficulties in the technique’s management [5].

Surgical and non-surgical treatments, and the possibility of combined approach,
should be carefully evaluated aiming for a tailored therapy.

Follow-up is fundamental in HCC patients, both in cirrhotic and non-cirrhotic
ones, in order to promptly identify possible recurrences and to treat them in the
best way. Intrahepatic recurrences, far from previously treated lesions, are always
possible and generated by chronic hepatopathy; therefore, lifelong surveillance is
necessary [4, 27].

The aim of this chapter is to illustrate the state of the art in liver surgery to
achieve the best treatment for patients suffering from hepatocellular carcinoma.
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2. Planning and timing surgery
2.1 Multidisciplinary evaluation

The multidisciplinary unit is a highly specialized and dedicated team, composed
of hepatobiliary and transplants surgeons, hepatologists, radiologists, pathologists,
oncologists, interventional radiologists and supportive care specialists (Figure 1)
[28]. The aim of the unit is to discuss complex patients, developing the best possible
care plan for every different case. First of all, liver status and disease shall always be
evaluated and taken into account, assessing them according to Child-Pugh (CTP),
MELD or MELD-Na scores [5, 14, 29]. CTP score seems to have a higher specific-
ity than MELD in patients undergoing resective surgery (Table 2) [13]. Other
important factors are preoperative platelet count, INR and hepatic venous pressure
gradient (HVPG) [5, 30]. Cirrhotic patients eligible for hepatic resection should
have ideally HPVG < 10 mmHg and platelet count >100,000/ml [5].

In addition to Child-Pugh and MELD scores, in borderline liver function,
indocyanine green kinetics and cholinesterase/bilirubin ratio are useful to improve
patients selection [5].

Thanks to multidisciplinary discussions in international meetings, many HCC
staging systems have been proposed during the years [31]. The Cancer of the Liver
Italian Program (CLIP) score and Barcelona Clinic Liver Cancer (BCLC) staging
classification are the most comprehensive and commonly used systems to stage
HCC patients. They consider the liver status and function, physical status, cancer-
related symptoms and number and extension of lesions. Patients are classified in six
stages (CLIP score) or five stages (BCLC), each linked with a specific survival rate
and treatment algorithm (Table 3, Figure 2) [32].

According to BCLC criteria, liver resection is indicated in BCLC stage A
patients only, but several studies show that it could provide long-term sur-
vival with reduced intraoperative mortality in selected BCLC stage B patients
(Figure 3) [33-36]. Patients having singular large nodule (>5 cm) and/or lateral-
ized multinodular tumor and a very well-preserved liver function are considered

Transplant
SUFEPOIS
Hepatobiliary
SUFERONS

Hepatologists

Supportive care [P Rad -
Shedlali: ‘Q adiclogis
/ Fatient

Onenlogists

Interventional

Pathologisis
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Figure 1.
Composition of liver multidisciplinary units. Source: Siddique et al. [28].
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Child-Pugh score Points

Parameters 1 2 3

Serum bilirubin (mg/dl) 2.0 2-3 >3.0

Serum albumin (g/dl) >35 2.8-35 <2.8

Prothrombin time 1-4 4-6 >6

Seconds prolonged

Hepatic encephalopathy None Mild to moderate (gradel or 2) Severe (grade 3
or 4)

Ascites None Mild to moderate (diuretic responsive) Severe (grade 3
or4)

5-6 points Child-Pugh A
7-9 points Child-Pugh B
10-15 points Child-Pugh C

Table 2.
Child-Pugh scoring system.

resectable stage B patients [38]. In order to achieve a parenchyma-sparing surgery,
these patients may benefit from combining surgery with intraoperative ablation
(RE/MW) [39, 40].

2.2 US evaluation of liver disease

Ultrasonography (US) has a primary role in HCC screening. US sensitivity ranges
from 63 (for small lesions) to 94%, whereas specificity from 52 to 98% [41-43].

US is highly operator-dependent. Machine quality, tumor size and localization,
liver echotexture and abdomen characteristic influence the diagnostic accuracy of
the exam [44].

Six-month US is relevant in detecting early-stage HCC in high-risk patients
[45]. US detection of small HCC nodules in cirrhotic livers is arduous due to altered
echotexture [46].

If combined with serum marker alpha-fetoprotein (AFP), it allows further
unidentified lesions’ detection in 6-8% of the cases [47]. AFP alone is a weak
screening test (Se 39-64%, Sp 76-91%, cut-off 20 mg/ml) [41], since high AFP
levels could be also related to inflammatory status (exacerbation of underlying
chronic liver disease or hepatitis), and it is not increased in about 20% of HCC

CLIP score Points

Parameters 0 1 5

Tumor morphology Uninodular and Multinodular and Massive or extension
extension < 50% extension < 50% > 50%

Child-Pugh score A B C

Alpha-fetoprotein <400 ng/ml >400 ng/ml —

Portal vein Absent Present —

thrombosis

Maida et al. [31].

Table 3.
CLIP score evaluation system.
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Figure 2.
BCLC staging. Galle et al. [5].

cases, especially in early stages [41]. PIVKA-II is another serum marker still under
evaluation in combination with US for screening purposes, even if not enough
evidences have been published yet to justify its use [48].

US is useful to evaluate liver status while planning treatment and to identify
possible contraindication to surgery, such as portal vein thrombosis [5].

Contrast-enhanced ultrasound (CEUS) uses gas microbubbles as a contrast
agent that highlights lesions with well-represented vasculature. Due to pulmonary
clearance, it is suitable for patients with reduced renal function or renal failure. It is
repeatable, noninvasive and without risks [49].

/ HCC x
Wery earky stage (0] Enrly stage () intermadiste sage (B) | Advanced Stage (€} Terminal Stage (01
Singhe <7 ¢m Singhe or 1-3 nodules < 3 em I ubinaduls Portal invaslonextrahepatic spresd Mt traeriglantable HOC
Prerved lver Tunction Breverved lver fusction or gingle > 5 em Preserved iver function [D-5tape lver function
=1+ (1] Preserved lver function || PS1-2 P
} 1 50
Solitary 23 madulles £ 3om
i
Optinal argical candidate
{Portal pressure, blirubing
o4
es Ha |=*| Transplaes carcidate
+ *
s L]
. I
Ablsion | | Resection Teamiglant || Abdation | | Resection TACE Systemic therapy Symesomatic trestment
Sanvival < 3 months
Crative Dreatmants Palkative treatments

Figure 3.
Modified indications in BCLC staging. Source: Torzilli et al. [35] and Bolondi et al. [37].
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Differently from US, CEUS is not indicated for screening but for characterizing
known nodules. HCC is characterized by arterial-phase enhancement and low
and later wash-out (after at least 60 seconds) on CEUS [50, 51]. It may differenti-
ate HCC from other nodules in cirrhotic liver and distinguish neoplastic portal
vein thrombosis from a benignant one [49]. However CEUS does not detect small
(<20 mm) and deep-located lesions, and it hardly discriminates between HCC and
cholangiocarcinoma (CCC) [5, 45].

CEUS alone is not enough neither for diagnosis nor for staging of HCC, so it
shall be considered as a second-line method in patients unfit either for contrast CT
(due to chronic kidney disease) or MRI (due to possible vascular metallic devices or
claustrophobia) [50].

2.3 CT evaluation

CT is a second-line imaging technique that enables a high diagnostic accuracy,
if proper technique and contrast administration are applied. The CT appearance
of HCC is extremely variable and depends on growth pattern (solitary, multifocal
masses of infiltrating neoplasm), size and histologic composition [52].

Hepatocellular carcinoma (HCC) is most often hypoattenuating on unenhanced
scan. After contrast agent injection, HCC is typically hypervascular during the
arterial phase: small lesions show more homogeneous enhancement than larger
neoplasms that are heterogeneous. During the portal venous phase, HCC becomes
iso- to hypoattenuating to the surrounding liver. On delayed phase the tumors wash
out more rapidly than the hepatic parenchyma [45].

Based on the guidelines, these diagnostic criteria are sufficient for a noninvasive
diagnosis of HCC [5].

HCC could also present atypical findings such as hypervascular lesion without
wash-out or hypovascular tumor: hypovascular nodules are not uncommon, and
they usually represent early stages like dysplastic nodules with focal HCC or well-
differentiated small HCCs [53].

Perfusion CT (PCT) allows quantitative evaluation of tumor-related angiogen-
esis, tissue perfusion and segmental hepatic function. Higher radiation dose and
lower resolution are the main limitations of this method [45].

CT with higher spatial resolution is fundamental in preoperative management:
firstly, in detection of vascular or bile ducts anatomical variants and also in calcu-
lation of the future remnant liver (FRL) if a major resection is considered [54].

Evaluation of anatomical variation is critic while planning hepatic resections.
Hepatic arterial anatomy variations are common (approximately 45%), and different
hepatic venous anomalies, such as drainage of segment VIII into the middle hepatic
vein, of segments V and VI directly into the inferior vena cava and of accessory
middle hepatic vein directly into the inferior vena cava, can impact surgery. Also por-
tal vein variants and biliary anatomy variations should be carefully investigated [55].

The FRL is calculated by dedicated software that analysed the total liver volume,
the tumour volume and the liver volume after surgical procedure. The FRL volume
of 20-30% is the lowest limit for a safe resection in healthy livers, 40% in elderly,
whereas in patients with diffuse liver disease, a volumetric evaluation shall be
associated with FRL function assessment (e.g. indocyanine green retention test or
liver maximum capacity test) [54, 56, 57].

2.4 MRI

MRI is superior to CT for the diagnosis of HCC [53].
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At MR imaging small HCCs have variable signal intensity on T1-weighted
pre-contrast imaging: they commonly appear hypointense, but high signal intensity
has been reported with a frequency ranging between 34 and 61%. On T2-weighted
images, HCC is iso- to hyperintense to the surrounding liver parenchyma. Generally,
hyperintense lesions on T1 and isointense in T2 are well-differentiated, due to the
presence of fat and or glycoprotein; on the contrary lesions hypointense on T1 and
hyper on T2 are moderately/poor differentiated. After contrast agent injection, HCC
shows the same imaging patterns described on CT examination [45, 58].

The introduction in clinical practice of liver-specific contrast agents, superpara-
magnetic as well as paramagnetic, significantly improves the detection and charac-
terization of HCC, in particular for lesions between 1 and 2 cm. With paramagnetic
contrast agents, the absence of functional hepatocytes, which is considered a sign
of malignancy, is represented as a loss of signal intensity during the hepatobiliary
phase. Nevertheless, fewer than 20% of well-differentiated and moderately differ-
entiated HCCs appear iso- or hyperintense on hepatobiliary phase images [45, 58].

HCC can rarely invade biliary ducts, both microscopically and macroscopically
[59]. Incidence of biliary duct invasion ranges from 1.2 to 9%. It shall be carefully
evaluated while staging patients, in order to choose the best treatment and to assess
prognosis. Biliary invasion, in fact, is an independent adverse prognostic factor and
is often linked to higher biological aggressiveness and portal vein invasion which
make prognosis worse [60].

MR cholangiopancreatography (MRCP) is a noninvasive procedure aimed for
evaluating the hepatobiliary and pancreatic systems. This method is helpful in
assessing biliary invasion. Biliary duct tumor thrombus appears as an intraluminal
soft tissue with arterial-phase enhancement on MRCP, and biliary ducts could be
seen dilated because of obstructing tumor fragments [60].

Several studies have shown that biliary ducts invasion in HCC is not a contra-
indication to surgical resection, even in patients with obstructive jaundice caused
by biliary tumor thrombus, as long as RO resection can be achieved. If jaundice is
present, biliary drainage should be performed preoperatively [59, 61-63].

MRI also enables the estimation of fat storage in the liver parenchyma: proton
density fat fraction (PDFF) technique is a fast, accurate and easy-to-use MR modal-
ity that allows liver fat quantification [52].

2.5 Bioptic evaluation

Biopsy of hepatic lesions is an invasive procedure. Its use is restricted, as a typi-
cal pattern in one second-line imaging technique is enough to make an HCC diag-
nosis, according to the guidelines [64]. In performing liver biopsy, indeed, there
is a high risk of bleeding, even higher if the patient has a bleeding disorder due to
cirrhosis, and an established possibility of seeding along the needle tract. However,
haemorrhagic risk can be reduced with infusion of fresh frozen plasma and plate-
lets before the procedure [51]. Subcapsular and extended tumor and ascites could
compromise safe needle insertion too [46].

The procedure allows histological analysis, so it may be used when HCC has
atypical growing pattern, so that there is a high suspicion of cholangiocarcinoma
(CCCQ), considering that in such cases bioptic results will impact on therapeutic
choice, changing it completely [51].

Furthermore liver parenchyma biopsy is currently the reference procedure
for assessing and staging fibrosis and cirrhosis. Stages are classified according to
METAVIR score, a histopathologic grading system. Hepatic biopsy has some impor-
tant limitations: it allows the evaluation of a sample, and not of the entire liver, and,
above all, it is an invasive method that could cause minor (temporary pain in 20%
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of cases) or major (bleeding, sepsis, pneumothorax and even death in 1.1% of cases)
complications [65].

2.6 Intraoperative US

Intraoperative ultrasonography (IOUS) is fundamental while performing
hepatic resections. It can give further information about lesions and parenchyma
and can determine modifications both in tumor staging and in surgical manage-
ment as well [66].

IOUS and contrast-enhanced intraoperative ultrasound (CE-IOUS) have higher
sensitivity compared to preoperative US and CEUS and allow better detection and
characterization of small nodules [66].

Without these intraoperative procedures, surgical inspection and palpation can
overlook up to 50% of preoperatively undetected lesions, especially those located in
deep parenchyma and in cirrhotic liver [67].

Furthermore, IOUS became a mandatory tool in major hepatic surgery, as it allows
visualizing of major vessels, assessing their location in relation to HCC lesion and
delimiting resection area. It is also important to identify correct dissection planes and
accurately define tumor extension, thus to achieve higher rates of RO resections [67].

3. Surgical treatment

Surgical resection is the first-line treatment in non-cirrhotic and compensated
cirrhotic livers [5]. The aim of surgery is to achieve RO resection while preserving
enough future remnant liver, in order to avoid postoperative liver failure [68].
Therefore, the most appropriate surgical technique is chosen according to principles
of oncological radicality, safety and the least invasiveness [69], considering that
HCC tends to be a recurrent disease (recurrence rate 40-70%), and so re-resection
or noninvasive treatments are often needed [70].

Large nodules, major intrahepatic vessels invasion, portal branches and hepatic
vein thrombosis do not contraindicate to surgery as soon as RO resection can be
achieved [71], keeping in mind that a well-preserved liver function is necessary to
perform radical hepatic resections [72]. Surgery can be even performed in case of
HCV and HBV hepatitis as long as there is metabolic syndrome-related hepatopathy
or cirrhosis is compensated. (Child-Pugh < 8; MELD <9) [73].

Patient performance status is also a factor that has to be considered while
planning a surgical resection of the liver. Advanced age is not a contraindication, as
long as these patients are carefully selected, according to their general condition,
performance status, life expectancy and treatment tolerability [56].

In some cases, surgery may be a bridging treatment to liver transplant in patients
with advanced cirrhosis and HCC, when waiting time exceeds 6-8 months [74].

Impaired liver function, insufficient future remnant liver, advanced tumor stage
and poor performance status are absolute contraindications to surgical resection
[73]. Liver resection could not be performed in the case of Child-Pugh > 8,

MELD > 9, bilirubin > 3 mg/dl associated with INR > 1.7 or PT < 50%, platelet
count < 50,000/pl, indocyanine green retention at 15 minutes >22% and portal vein
pressure gradient >10 mmHg without possible TIPS [72, 73]. Extended portal or
vena caval thrombosis and extrahepatic disease reveal an advanced HCC stage and
contraindicate surgical resection [73]. Patients not eligible for surgery are those
with ECOG performance status 4, ASA index > 3, Charlson’s index > 3—4 and older
than 70 years with comprehensive geriatric assessment (CGA) = 3 or systemic
diseases with severe prognosis (life expectancy < 12 months) [56].
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Intrahepatic recurrence after surgical treatment is often linked to portal venous
invasion, both macroscopic (MPVI) and microscopic (mPVI). MPVI can be preop-
eratively detected by CT, MRI and US, whereas mPV1 is very difficult to diagnose
preoperatively. In order to reduce recurrence rates due to mPVI, in young and fit
patients, anatomic liver resection (ALR) should be preferred to nonanatomic liver
resection (NALR) [75]. ALR should be taken into account especially in patients who
have solitary PVI (in a single portal vein branch) or a higher risk of mPVI linked to
a-fetoprotein > 20 ng/ml, PIVKA-II > 100 mAU/ml, tumor size > 5 cm and a conflu-
ent lesion morphology [76, 77]. Some authors suggest that during anatomic resec-
tion, it is better to avoid excessive rotation of the liver, perform an early extrahepatic
ligation of the portal pedicle of the resected segment(s) before parenchymal transec-
tion and obtain an adequate surgical margin to decrease the risk of recurrences [71].

On the other hand, NALR allows parenchyma-sparing surgery that, though
associated to higher recurrence rates, is indicated in elderly and cirrhotic patients
suffering from early HCC, where an anatomic resection would sacrifice an excessive
amount of the parenchyma (Figure 4) [75].

Surgery is proved to be superior to RF in terms of local recurrences for nodules
>2 cm [19, 78], but in the case of multinodular HCC, in selected patients, they can
be combined together to achieve a better outcome, compared to TACE or TARE,
whose role remains palliative (Figure 5) [35, 64, 78].

3.1 Major hepatectomies

All liver resections involving three or more liver segments of Couinaud are
considered major hepatectomies. Most commonly performed resections are right
hepatectomy, left hepatectomy, right-extended hepatectomy, left-extended hepa-
tectomy and median hepatectomy [69]. Major hepatectomy is frequently required to
achieve a complete tumor removal (Figure 6) [79].

Healthy livers may be resected as much as 70% without major complications;
cirrhotic or hepatopathic patients shall be cautiously submitted to resection after
precise FRL analysis in terms of future remnant liver function (FRLF) and volume
[54]. Liver resections for HCC related to NAFLD and metabolic syndrome are
encumbered by important rates of complications (13-20%) and mortality (2%);
procedure risk profile in this condition is closer to that burdening cirrhotic livers
rather than non-cirrhotic ones [5].

Age is not a contraindication to major hepatectomy, because elderly patients’
liver, when healthy, have comparable regeneration rates to younger ones, while
patients’ performance status and liver residual function are more important [80].

Major hepatectomies can be performed safely in either open or mini-invasive
approaches [81].

Open approach is more invasive, but it offers great advantages in a better view on
the operative field, allowing a complete administration in organ mobilization and
a prompt control of bleeding (Figure 7). Open approach is indicated in the case of
upper abdominal adhesions, respiratory impairment and advanced liver fibrosis. In
severe respiratory disease, pneumoperitoneum worsens gas exchange; therefore, lapa-
roscopic- and robot-assisted resection are contraindicated [82]. In the case of upper
abdominal adhesions, it is hard to induce an adequate pneumoperitoneum to insert
trocars and instrument safely, and open approach is the one indicated [83]. Advanced
liver fibrosis makes the organ stiffer and difficult to mobilize with laparoscopic grasp-
ers [84]. The liver hanging manoeuver (LHM), which is a technique of passing a tape
along the retrohepatic avascular space and suspending the liver during parenchymal
transection, facilitates anterior approach of major hepatectomy and minimizes bleed-
ing by elevation of the liver along its deeper parenchymal plane [85, 86].
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Figure 4.
Wedge resection (NALR) in the NAFLD liver. HHC located in V/ VIII segment.

Figure 5.
Intraoperative RF in HCC nodule of 1I segment.
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Figure 6.
(A) Large HCC In non-cirrhotic live requiring right hepatectomy. (B) Extended right hepatectomy in
NAFLD, surgical sample showing a 11-cm HCC.

Minimally invasive liver surgery has strongly progressed during the last 20
years [87].

Laparoscopic approach is proven as being safe and presents good outcomes in
terms of hospitalization and morbidity. However, the main disadvantage of this
approach is the lack of control when a huge bleeding occurs, but the LHM reducing
bleeding risk makes the procedure safer.

Robotic-assisted vesection is the newest technology in hepatobiliary surgery.
Compared to laparoscopy, robotic instruments allow wide-angle rotation; therefore,
it is easier and faster to perform sutures and ligatures. Four-arm da Vinci Si enables
the surgeon to perform safer resections, reduced bleeding and major dexterity,
particularly in hilar time and in vena cava detachment time. One of the major
disadvantages of the robot is its cost [88, 89].

HCC is a fast-spreading tumor, particularly in the vascular system; therefore,
major resections in large or multinodular tumors allow the most radical removal;
however, consistent volume of the functioning liver is also resected, increasing risks
of liver impairment in cirrhotic and hepatopathic patients [90].

Figure 7.
(A) Dissection of liver hilum. Elements are indicated by arrows: choledocus (green), portal vein (blue),
hepatic artery (black). (B) Caval detachment in bisegmentectomy (VI-VII).
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3.2 Limited hepatectomies

Limited hepatectomy means resection of two or less segments of Couinaud, like
left lobectomy, involving segments I and III, and bisegmentectomy of VI-VII and
VI-V, that are the most common (Figure 8). Limited hepatectomies are indicated in
the case of single or multiple HCC nodules located in one or two adjacent liver seg-
ments [69], especially when early diagnosed. Otherwise non-followed up patients
are often diagnosed with advanced or multinodular HCC, which are eligible to more
extended hepatectomies only.

Limited hepatectomies tend to preserve liver function, so analysis of FRLF and
FRLV is often unnecessary in healthy patients, while it is mandatory in compen-
sated cirrhosis due to higher resection risk and distorted liver anatomy [73].

Limited resection is often performed with mini-invasive surgical technique,
such as laparoscopic- or robot-assisted surgery. Although expert surgeons are able
to resect safely even posterior and subdiaphragmatic lesions, these techniques have
some limits. Laparoscopy, in fact, has prolonged surgical times for liver mobiliza-
tion due to difficulties in parenchyma manipulation, arduous bleeding control and
necessity of a major experience of the surgeon.

Robotic liver resection (RLR) allows to go beyond laparoscopic disadvantages,
thanks to superior flexibility of its arms. For this reason, RLRs are considered
safe, even in deep parenchyma or posterior segment [89]. It is comparable to
open approach considering the oncological radicality, but it presents the same
advantages of laparoscopy in terms of length of hospital stay and postoperative
complications. Conversion rate from robotic to open approach ranges from 0 to
8.8% [87].

Open surgery shall be chosen in the case of contraindications to other
approaches such as respiratory impairment that is worsened by pneumoperitoneum
or excessive difficulties in liver manipulation; the surgeon’s experience remains an
important variable in surgical indications, and safety of intervention shall always
drive the choice [82, 84].

Nonanatomic liver resection, or wedge resection, is reserved for early HCC
(BCLC 0 or A), particularly in the elderly, suffering from advanced cirrhosis or
exophytic lesions in hypertrophic segments, where anatomic resection would
determine too extensive healthy parenchyma loss [75].

Figure 8.
Anatomic resection of segment VI in civrhotic live. HCC diameter 2.5 cm.
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3.3 Staged hepatectomies

Staged hepatectomies in HCC treatment are the most recent innovation, first
introduced to treat multiple colorectal metastases, now under evaluation for
extended hepatectomies in advanced HCC patients [91]. The main issue related to
this technique is that most HCC patients are cirrhotic or hepatopathics, and cirrho-
sis limits parenchyma regeneration in a significant way [91, 92].

Extended resection is feasible when the future remnant liver is >40% for cir-
rhotic patients, >30% in patients with severe steatosis or fibrosis without cirrhosis
and >20% in those with normal liver function [93].

Several strategies can be carried out in order to increase future remnant liver
volume (FRLV), improve resectability and reduce postoperative risk of liver failure
(PLF) in patients with inadequate FRLV. These techniques include preoperative
portal vein embolization (PVE) or ligation (PVL), sequential transarterial chemo-
embolization and PVE, two-stage hepatectomy (TSH), preoperative Yttrium-90
(°°Y) radioembolization (RE) and associated liver partition and portal vein ligation
for staged hepatectomy (ALPPS) [93]. Parenchyma hypertrophy shall be assessed
using CT volumetry before performing second-stage hepatectomy [94].

ALPPS is indicated in non-cirrhotic patients with insufficient remnant liver
or in the case of PVE failure [93, 95, 96]. This procedure allows higher and faster
hypertrophy rates compared to other strategies, due to parenchyma transection and
collateral portal branches ligation, especially in hepatopathics; such advantages have
been seen also in cirrhotic patients [92]. Moreover, it reduces risk of HCC progres-
sion thanks to the shorter time interval between operations. On the other hand, it
is associated with high risk of PLF (27%) probably due to portal hyperperfusion,
major perioperative complications and mortality [97]. Some authors suggest that the
use of anterior approach combined with hanging manoeuver allows higher control
and safety during ALPPS procedure [92]. Only few case series have been published
about staged hepatectomy for HCC, more perspective research is still necessary,
even if this technique is proofing effective and beneficial in selected patients [98].

3.4 Complication

Postoperative complications have higher incidence and severity in cirrhotic
patients [99].

Postoperative live failure (PLF) is the most life-threatening complication fol-
lowing hepatic resection, especially in cirrhotics [93]. It is defined as the decrease
in liver synthetic, excretory and/or detoxifying functions after resection [100]. It
can be associated with insufficient future liver volume, prolonged operative time,
prolonged ischemia, massive intra- and postoperative bleeding, hemodynamic
instability, bile duct obstruction, drug-induced injury, viral reactivation and sepsis
[90]. It occurs after the fifth day in 4-19% of cases, and it is characterized by vari-
ous symptoms and signs, such as ascites, pleural effusion, prolonged cholestasis,
coagulation disorders, elevated serum lactate levels, hyperbilirubinemia, hypoalbu-
minemia, hypoglycaemia and hepatic encephalopathy [90, 93].

Bile leakage is another severe postoperative complication. It occurs in 4-17% of
cases with comparable incidences in laparoscopic and open approaches [101]. It can
induce further complications, such as extrahepatic abscess, requiring reoperation;
otherwise it is usually managed with interventional radiology [100].

Postoperative ascites is common, and it may be caused by portal flow resistance
increase and serum albumin loss. It can be treated with diuretics, sodium restriction
or albumin infusion [100]. Persistent ascites is associated to higher risks of sponta-
neous bacterial peritonitis (SBP) and mortality.
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Clotting disorders are frequent after extended hepatectomies and in cirrhotic
patients, who may already have preoperative low platelet count. They can manifest
as PT and aPTT prolongation, increase in levels of fibrinogen degradation products
and platelet levels reduction [100].

Surgical site infection may occurs within 30 days after resection [100].

Postoperative pneumonia and respiratory disturbs (acute lung injury, acute
respiratory distress syndrome) rarely occur after liver resection, especially in the
elderly [100].

Resected patients shall be rapidly mobilized postoperatively; feeding shall
start early, together with intravenous liquid restriction. Nonadequately selected
patients may also suffer from postoperative acute renal failure or hepatorenal
syndrome [100].

Mini-invasive surgical approaches allow lower postoperative complications, such
as ascites, pleural effusion and hospital-acquired infections [87, 99, 102].

4. Follow-up

HCC recurrence within 5 years after hepatic resection occurs in 40-70% of
patients [70, 103, 104]. Several recurrence risk factors should be carefully consid-
ered while planning postoperative surveillance (Table 4) [70].

Intrahepatic recurrent HCC can develop from an intrahepatic metastasis (IM
type) or arise from de novo multicentric carcinogenesis (MO type) due to the
underlying chronic liver disease. These two HCC types can be distinguished accord-
ing to their clinic-pathological characteristics and recurrence-free interval [70].

Early recurrence occurs within 2 years from primary resection, and they seem
associated with intrahepatic metastasis, whereas late recurrences can show up more
than 2 years after surgery, and they are linked to multicentric occurrence [105].

Differentiating them is important because MO, compared to IM, is associated
with higher survival rate after repeated resection and better prognosis [106].

RHCCs have the same imaging features of primary HCC, so they shall be
detected and diagnosed using the same methods of primary HCC diagnosis.

US, CT or MRI and AFP determination should be performed after surgical
resection.

Surgical factors Non-anatomical resection
Positive histologic margin (R1 or R2)
Necessity of transfusion due to significant bleeding
Iatrogenic tumor escape or rupture

Clinicopathological factors Low tumor differentiation
Advanced tumor stage
Tumor rupture, damaged capsule
Tumor diameter > 5 cm
Tumor number > 3
Vascular tumor thrombus
Lymph node invasion
Adjacent organ invasion satellite lesion
High level of AFP before operation
Increased AFP level 2 months after operation

Patient’s factor Underlying chronic liver disease: active hepatitis infection or cirrhosis

Wen et al. [70].

Table 4.
Risk factors of postoperative recurrence.
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US should be performed every 6 months within the first 5 years after surgical
treatment; a second level imaging study is requested at the first year and repeated
after 12-18 months according to the underlying liver status [5]. Resected patients
for HCC, who received direct-acting antiviral (DAA) therapy for HCV negativiza-
tion, are commonly kept in a less intensive follow-up with US every 12-18 months,
for a persistent recurrence risk is maintained [107].

Once detected, RHCC shall be carefully assessed in order to plan the best
therapy. Re-resection is the treatment of choice if nodule is resectable and patient is
eligible for surgery; so, disease-free time, performance status, future remnant liver
volume and function, cirrhosis, portal hypertension and other aspects should be
evaluated again before repeating operation. Only about 20% of patients with recur-
rent HCC receive surgical treatment [105]. Multiple resections could be performed
after major or limited primary hepatectomy [70, 108].

Both open and laparoscopic resections can be carried out, but laparotomy is
generally preferred, since intra-abdominal adhesions limit laparoscopic approach
[109]. Five-year survival rate higher than 70% can be achieved in well-selected
patients, despite repeated treatments [103, 104].

Prognosis after repeated resections is linked to clinic-pathological characteristics
of primary HCC and recurrence interval. Particularly a disease-free period longer
than 1 year after primary resection, single primary HCC and negative portal inva-
sion are positive prognostic factors after second resection [105, 108].

Other possible locoregional therapies for recurrent illness are RFA, MWA and
TACE. Liver transplantation could be taken into account in selected patients with
worsened liver function and falling within transplant criteria [70, 103].

Incidence of extrahepatic metastases (EHM) after hepatectomy is low (range
5-20%) [108, 110]. High-serum alpha-fetoprotein levels, after liver resection or
transplant, is suspicious for extrahepatic recurrence; thus serial cross-sectional
total body imaging is mandatory to identify them, and palliative RO resection may
be performed in fit patients with quality of life and survival benefits [27].

5. Conclusion

HCC is a deadly malignancy either in cirrhotic and non-cirrhotic patients.

A well-timed follow-up and detection of patients at risk are fundamental, since
diagnosis at early stage allows more aggressive and effective treatments. HCC in
non-cirrhotic liver will be more often diagnosed, particularly in the case of NASH
and NAFLD, because they are followed up more strictly.

In recent years, indications to surgery have not changed substantially, while a lot
has been introduced in terms of imaging, which is nowadays an essential support
in preoperative planning, intraoperative guide and postoperative follow-up. Staged
hepatectomy techniques have shown interesting results and will become part of
clinical practice in the future, especially in treatment of non-cirrhotic patients.
Surgery remains the most effective treatment against HCC, since complete resec-
tions allow important survival benefits at 3, 5 and 10 years.
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Abstract

Ischemia-reperfusion (I/R) injury is an important cause of liver damage occur-
ring during surgical procedures. In liver resection, I/R causes post-operative
transaminasemia and liver function failure. In liver transplantation, I/R causes graft
dysfunction, ranging from biochemical abnormalities to primary non-function of
the transplanted organ. Ischemic preconditioning is a surgical strategy to reduce the
severity of I/R and improve post-operative outcomes by prior exposure to a brief
period of vascular occlusion directly to the target organ or remotely to a distant
vascular bed. This chapter aims to discuss the different ischemic preconditioning
strategies in both liver resection surgery and liver transplantation. In addition, we
will describe the differences of such surgical strategies in both steatotic and non-
steatotic livers in both preclinical experiments and clinical practice. Such informa-
tion may be useful to guide the design of the effective ischemic preconditioning
methods in the surgery of hepatic resections and liver transplantation.

Keywords: ischemia-reperfusion injury, liver resections, liver transplantation,
ischemic preconditioning, remote ischemic preconditioning

1. Introduction

Ischemia-reperfusion (I/R) injury is a phenomenon in which cellular damage
in a hypoxic organ is accentuated following the oxygen restoration [1-3], being a
major pathophysiological event and cause of morbidity and mortality in liver resec-
tions and transplantation [4]. Despite the attempts to solve this problem, hepatic
I/R is an unresolved problem. In addition, hepatic steatosis is a major risk factor for
liver surgery, as it is associated with an increased complication index and postoper-
ative mortality after major liver resection and transplantation, since steatotic livers
show impaired regenerative response and reduced tolerance to I/R injury compared
with non-steatotic ones. Of note, the prevalence of steatosis ranges from 24 to 45%
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of the population and consequently a further increase in the number of steatotic
livers submitted to surgery is to be expected [5]. These observations highlight the
need to develop protective strategies in liver surgical conditions.

The mechanisms involved in liver I/R injury are complicated, mainly including
microcirculation failure and oxidative stress [4]. A wide range of strategies has
been attempted in order to mitigate I/R injury, mainly pharmacological treatments
focused on gene therapy, improvement of preservation solutions, among others.
However, an effective treatment is still lacking [4] since is difficult to achieve by
targeting individual mechanism. Surgical strategies such as the ischemic precondi-
tioning (IPC) technique noted for its effectiveness, as it activates several protective
pathways against I/R injury in experimental models should be considered. IPC can
be either applied directly to the target organ [6] or remotely (RIPC) to a distant
vascular bed [7]. The benefits of the IPC and RIPC observed in experimental mod-
els of hepatic warm and cold ischemia [8, 9] prompted human trials of ischemic
preconditioning. However, controversial results have been showed in the clinical
practice. Therefore, the present chapter aims to describe the current knowledge of
the IPC and RIPC in liver resections and liver transplantation of both steatotic and
non-steatotic livers. In addition, the scientific controversies regarding the possible
beneficial effects of these techniques, in experimental, translational and clinical
studies in the setting of liver surgery will be discussed.

2. Ischemic preconditioning

Preconditioning the liver with ischemia involves a brief period of portal triad
clamping usually between 5 and 15 min followed by a brief period of reperfusion
(10-20 min) before a prolonged period of ischemia [10] (Figure 1). The exact mode
of action of the IPC in the prevention of post-operative hepatic complication has
not yet been fully comprehended. The molecular basis for IPC consists of a sequence
of events in which in response to the triggers of IPC, a signal must be generated
and transduced into an intracellular message leading to the effector mechanism
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Figure 1.
Schematic illustration of ischemic preconditioning and remote ischemic preconditioning.
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of protection [11, 12]. As in the pathophysiology of hepatic I/R, in the modulation
of hepatic injury induced by IPC, there is a complex interaction between different
mechanisms and cell types [13].

211PC in experimental models

Over the years, studies with experimental animal models have reported numer-
ous positive effects of IPC on the alleviation of hepatic I/R injury and improve-
ments of post-operative liver functioning. Various combinations of ischemia and
reperfusion periods have been tested showing similar beneficial effects: lower
aminotransferase levels, reduced hepatocellular injury, and higher survival rates
[14]. IPC protected against mitochondrial ROS and thus reduce the oxidative stress-
mediated damage in liver I/R injury [15-18]. However, Riidiger et al. showed that
IPC is beneficial in liver submitted to an ischemic period of up to 75 min, but not for
more prolonged ischemia [19].

2.1.1 IPC in warm ischemia without liver resection

IPC modulates several molecular pathways involving in I/R. When long periods
of liver ischemia occur in hepatectomy or transplantation, the lack of oxygenation
induces the rapid ATP consume to generate energy for cellular metabolism, resulting
in adenosine production. The accumulation of adenosine provokes its transforma-
tion to hypoxanthine and xanthine leading to ROS production. IPC (5 min of
ischemia/10 min reperfusion) modulates oxidative stress since reduces the accumu-
lation of xanthine and the conversion of xanthine dehydrogenase (XDH) to xanthine
oxidase (XO). IPC (5 min of ischemia/10 min reperfusion) inhibits this ROS generat-
ing system, xanthine/XOD [11-13]. The activation of adenosine receptor A2 induced
by IPC stimulates the activity of various intracellular kinases, like protein kinase C
(PKC)-specifically PKC-8- and p38 mitogen-activated protein kinase (p38MAPK)
[20]. The activation of p38 and c-Jun N-terminal kinase (JNK-1) induced by IPC
(10 min of ischemia/10 min reperfusion) is associated with increased cyclin D1
expression and entry into the cell cycle [21]. In addition to this, activation of p38
by different pharmacological strategies mimicking IPC effects, including agonists
of the adenosine A2 receptor, carbon monoxide (CO), NO, and atrial natriuretic
peptide (ANP) has been considered to be a crucial mechanism of hepatoprotection
in the setting of liver surgery [22]. Moreover, autophagic flux is enhanced by liver
IPC (10 min of ischemia/10 min reperfusion), since endothelial nitric oxide synthase
(eNOS)-derived NO activates autophagy via phosphorylation of p38 MAPK [23].

On the other hand, the mechanism involved in the benefits of IPC might be differ-
ent dependently of the type of the liver [1]. Indeed, in the presence of steatosis, IPC
(5 min of ischemia/10 min reperfusion) reduces MAPK activation (JNK and p38),
and this is associated with protection against hepatic I/R injury [24, 25]. The involve-
ment of sirtuin-1 (SIRT1) induction in the benefits of IPC (5 min of ischemia/10 min
reperfusion) on normothermic hepatic conditions has been reported [26]. Thus,
SIRT1 inhibition decreased the expression of extracellular signal-regulated protein
kinases (ERK) and augmented p38 protein levels [26]. ERK activation during IPC

(5 min of ischemia/10 min reperfusion) protects against I/R injury in steatotic livers,
by inhibiting apoptosis [27], whereas treatment with a p38 activator abolished the
benefits of IPC on hepatic damage [24]. In addition, inactivation of GSK-3f by

IPC (10 min of ischemia/10-15 min reperfusion) induces p-catenin signaling and
subsequently up-regulates anti-apoptotic factors, such as Bcl-2 and survivin, leading
to a significant amelioration of liver I/R injury [28, 29]. Figure 2 shows some of the
protective mechanisms of IPC in the hepatic I/R injury.
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2.1.2 IPC in liver resections under warm ischemia

The beneficial effects of IPC (10 min of ischemia/5 min reperfusion) in liver
partial hepatectomy (PH) have been shown to be linked to better ATP recovery,
NO production, antioxidant activities, and regulation of endoplasmic reticulum
stress. All of this limited mitochondrial damage and apoptosis. In addition, the
ERK1/2 and p38 MAPK activation induced by IPC in PH favors liver regeneration
[30]. Furthermore, IPC (10 min of ischemia/10 min of reperfusion) can initiate
hepatocyte proliferation action by a signaling mechanism involving TNF-a/IL-6
signal pathway [31]. In contrast, Qian et al. found that IPC impaired residual liver
regeneration after major PH without portal blood bypass in rats. In this case, IPC
was of 5 min ischemia/10 min reperfusion [32]. Another study testing regenera-
tive capacity of the liver after IPC (10 min ischemia/10 min reperfusion) and PH
showed that, despite IPC decreased hepatic injury, it did not influence the regenera-
tion up to 48 h [33].

2.1.3 IPC in reduced-size orthotopic liver transplantation

In a reduced-size orthotopic liver transplantation (ROLT) rat model, IPC
(10 min ischemia/10 min reperfusion) has been suggested that potentiates hepa-
tocyte proliferation via TNF-a/IL-6-dependent pathway [34]. In addition, authors
described that IPC inhibits IL-1 through NO, increases HGF, and reduces TGF-p to
finally promote regeneration [34]. In addition, by another pathway independent
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Protective mechanisms propose of ischemic preconditioning and remote ischemic preconditioning in the
hepatic ischemia-reperfusion injury. A2-R: adenosine 2 receptor; AMP: adenosine monophosphate; AMPK:
AMP-activated protein kinase; ATF-2: activating transcription factor-2; ATP: adenosine triphosphate;
c¢GMP: guanosine 3',5'-cyclic monophosphate; eNOS: endothelial nitric oxide synthase; ER: endoplasmic
reticulum; ET-1: endothelin-1; GSH: glutathione; HO-1: heme oxygenase-1; HSF-1: heat shock transcription
factor-1; HSP72: heat-shock protein 72; IL: interleukin; iNOS: inducible nitric oxide synthase; JNK: jun
N-terminal kinase; MAPK: mitogen-activated protein kinase; MEF2c: myocyte enhancer factor-2; MIF:
macrophage migration inhibitory factor; NF-kB: factor nuclear factor-kappa B; NO: nitric oxide; PI3K:
phosphatidylinositol 3-kinase; PKC: protein kinase C; PLC: phospholipase C; ROS: reactive oxygen species;
STAT3: signal transducer and activator of transcription-3; TNF: tumor necrosis factor; X/XOD: xanthine/
xanthine oxidase.
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of NO, IPC induced over-expression of heat shock protein 70 (HSP70) and heme-
oxigenase-1 (HO-1) [35]. HO-1 protects against I/R injury, whereas the benefits
resulting from HSP70 are mainly related to hepatocyte proliferation [35]. In addi-
tion, when steatotic grafts from living donors were transplanted applying IPC,

the incidence of necrosis was reduced and the expression of both pro-autophagic
beclin-1 and LC3 was increased [36]. On the other hand, in a rat model of ROLT
with 70 or 90% hepatectomy, IPC (10 min ischemia/15 min reperfusion) impaired
hepatic proliferative response by decreasing IL-6 and blunting cell cycle progression
through a mechanism at least partially independent of STAT3 [37].

2.1.4 IPC in orthotopic liver transplantation

IPC (5 min ischemia/10 min reperfusion) has protected liver grafts in an experi-
mental model of orthotopic liver transplantation (OLT) by modulation of xanthine/
XOD system [38]. IPC reduced cAMP generation, thus ameliorating hepatic injury
and survival of recipients with steatotic grafts [39]. In addition, AMPK activa-
tion by IPC (5 min ischemia/10 min reperfusion) increased the accumulation of
adiponectin in steatotic liver grafts. This increased resistin and activated PI3K/Akt
pathway, thus protecting steatotic livers against damage that follows transplantation
[40]. However, it should be noted that in experimental liver transplantation from
cadaveric donors, brain death abrogates the benefits of IPC (5 min ischemia/10 min
reperfusion) in both steatotic and non-steatotic liver transplantation [41, 42].
Indeed, in the setting of liver transplantation, the inflammatory response induced
by brain dead, present in the liver before the induction of IPC, would interact with
various mechanistic aspects of IPC and block the eventual IPC response. Thus,
Jimenez-Castro et al. have demonstrated that the treatment with acetylcholine pro-
tected liver grafts from the deleterious effects induced by brain death [41]. Under
these conditions, the application of IPC was useful to improve the post-operative
outcomes after transplantation.

In addition to the liver, the benefits of IPC in experimental models of warm
ischemia and liver transplantation have been observed in extrahepatic organs. Thus,
IPC protects against lung damage associated with liver transplantation. The applica-
tion of IPC in liver before I/R can prevent the release of both TNF and xanthine/
XOD from the liver to the circulation. This regulated the P-selectin up-regulation
and the neutrophil accumulation in remote organs such as lung and splanchnic
organs [43].

2.21PC in clinical trials

The benefits of IPC observed in experimental models of hepatic resections
and liver transplantation [8, 9] prompted human trials of IPC. The benefits of
this surgical strategy have been evidenced in patients submitted to liver resec-
tions, protecting both steatotic and non-steatotic livers [44]. However, different
results have been reported on the effects of IPC in the clinical practice of liver
transplantation [45, 46].

2.2.11PC in liver resections
The first clinical trial testing IPC in patients undergoing major PH was reported

by Clavien et al. [47]. Authors conclude that IPC (10 min ischemia/10 min reper-
fusion) is a protective strategy against hepatic ischemia in humans, particularly
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in young patients requiring a prolonged period of inflow occlusion and in the
presence of steatosis [44, 47]. Other clinical trials also suggest that IPC (10 min
ischemia/10 min reperfusion) provides both better intraoperative hemodynamic
stability and anti-ischemic effects compared with intermittent clamping [48, 49].
Regarding the molecular basis of IPC (10 min ischemia/10 min reperfusion) in clini-
cal PH, its beneficial effects have been shown to be linked to the down-regulation
of potentially cytotoxic functions of PMNLs elicited by the Pringle Maneuver [50].
In addition, IPC (10 min ischemia/15 min reperfusion) increased the generation

of adenosine and attenuated the degradation of purines in patients undergoing

PH. Moreover, IPC appeared to attenuate apoptotic response of the liver remnant
after resection [51]. Other clinical trial revealed that IPC (10 min ischemia/10 min
reperfusion) stimulated the expression of the IL-1-RA, inducible nitric oxide syn-
thase (iNOS), and Bcl-2 which decreased the inflammatory response and abrogated
liver I/R injury [52]. Interestingly, since the ischemic period and pathophysiology
are similar in partial hepatectomy and living donor liver transplantation, IPC could
reduce damage and improve liver regeneration failure, a relevant risk factor in
living donor liver transplantation [34]. Moreover, IPC could be implemented as an
appropriate surgical strategy for the use of suboptimal livers, such as steatotic ones,
in the clinical practice. Different results indicate that in patients with liver cirrhosis,
IPC (5 min ischemia/5 min reperfusion) has been a suitable method to decrease liver
I/R injury [53, 54]. Recently, the protective mechanism of IPC in patients with liver
cirrhosis subjected to PH has been associated with changes in MAPK pathways [54].
In contrast, IPC applied for 15 min followed by 5 min reperfusion did not improve
liver tolerance to I/R injury after PH in patients with liver cirrhosis [55]. In fact,
RIPC did not induce changes in the postoperative levels of transaminases, bilirubin,
and albumin nor reduced the morbidity and mortality rates and the duration of
hospitalization [55].

2.2.2 IPC in orthotopic liver transplantation

Clinical trials in liver transplantation report different results on the effects of IPC
against hepatic I/R injury. An IPC of 10 min ischemia/10 min reperfusion before
liver transplantation reduced inflammatory response, improved ischemia tolerance,
and decreased early graft function [56]. However, although the application of IPC
(10 min ischemia/15 min reperfusion) reduced hepatocellular necrosis, it showed no
clinical benefits [57]. In the largest prospective randomized trial of 10 min period
IPC in liver transplantation from cadaveric donors, I/R injury was greater when IPC
was applied [45], and it was called the “IPC paradox.” This was in accordance with
the results obtained in experimental model of liver transplantation from cadaveric
donors indicating that brain death abrogates the benefits of IP on post-operative
outcomes [41, 42]. In fact, a microarray analysis in a randomized trial of 10 min IPC
in deceased donor liver transplantation identified alteration of the expression of dif-
ferent antioxidant, immunological, lipid biosynthesis, cell development and growth
transcripts, which are associated with hepatic damage [58].

3. Remote ischemic preconditioning
RIPC is a surgical technique by which preconditioning of one organ or vascular
bed provides protection to distant organs or vascular beds during a sustained period

of ischaemia (Figure 1). Few experimental and clinical studies, most of them from
the last years, have addressed the effects of RIPC in livers submitted to I/R.
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3.1RIPC in experimental models
3.1.1 RIPC in warm ischemia without liver resection

When RIPC is applied in the hind limb, it reduced hepatic warm I/R injury of
mice, rats, and rabbits. RIPC (5-10 min ischemia/5-10 min reperfusion) has been
shown to improve hepatic oxygenation and microcirculation and to reduce hepatic
acidosis and damage [59, 60]. RIPC (4 min ischemia/4 min reperfusion) induced
eNOS activation, leading to NO production to preserve sinusoidal structure and
blood flow [61]. In addition, RIPC (5 min ischemia/5 min reperfusion) regulated
the expressions of iNOS and eNOS and the expressions of miR-34a, miR-122, and
miR-27b injury related miRs in fatty livers, thus attenuating I/R injury [62, 63].
RIPC (10 min ischemia/10 min reperfusion) also induced the up-regulation of
HO-1, induced autophagy, and then reduced the damaged mitochondria to inhibit
apoptosis and eventually protect hepatic cells from I/R injury [64, 65]. Moreover,
RIPC (5 min ischemia/5 min reperfusion) reduced neutrophil activation and
adhesion and TNF-«a [66]. Controversial results have been described in a rat model
in which RIPC protocol included 3 cycles of 10 min ischemia interspersed with
10 min of reperfusion periods [67]. Regarding the hemodynamic and microcircu-
latory alterations, RIPC protocol had beneficial effect; however, the histopatho-
logical findings were paradox [67, 68]. In addition to RIPC in the hind limb, when
RIPC (5 min ischemia/5 min reperfusion) is applied in kidney, it has also been
shown to protect liver against I/R injury, improving blood flow, histology, and
redox-state [69]. Figure 2 shows some of the protective mechanisms of RIPC in the
hepatic I/R injury.

3.1.2 RIPC in liver resections

A recent study in mice showed that RIPC (3 cycles of 5 min of ischemia each
followed by 5 min of reperfusion) applied in the right femoral vascular bundle did not
affect regeneration after 70%-PH [70]. However, of clinical interest, the same proto-
col of RIPC improved liver weight gain and hepatocyte mitoses after 90%-PH [70].

3.1.3 RIPC in orthotopic liver transplantation

In an experimental model of OLT, RIPC based on 4 cycles of 5 min of ischemia
and 5 min of reperfusion was applied on the infrarenal aorta. The results sug-
gested that RIPC might confer potent protection against the detrimental effects
of I/R injury including apoptosis and inflammation [71]. In addition, authors
suggest that HO-1 overexpression could play an orchestrating role in RIPC (5 min
ischemia/5 min reperfusion)-mediated organ protection [71]. In addition, a recent
study showed that the same protocol of RIPC also exhibits protective effects,
as indicated by increased portal venous flow and microcirculation, as well as
decreased AST and ALT levels and a reduced Suzuki score in a model of OLT [72].
Authors suggest that the RIPC inhibited the macrophage migration inhibitory
factor (MIF), which resulted in the modulation of further downstream pro-survival
mechanisms (iNOS, RISK-, SAFE-pathways), protecting graft injury [72].

3.2 RIPC in clinical trials

Only three studies dated in 2017 and 2018 have addressed the effects of RIPC in
the clinical liver surgery.
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3.2.1 RIPC in liver resections

In major HP, RIPC was shown to reduce liver I/R injury as indicated by a reduc-
tion in post-operative transaminases and increased ICG clearance [73]. To induce
RIPC, a tourniquet was inflated to induce 10 min of ischemia and then deflated
for 10 min to reperfuse the leg. This was repeated twice prior to commencing the
operation. RIPC has potential to reduce liver injury following PH [73]. In addition,
other clinical trial where RIPC was induced by three cycles of 5 min of ischemia of
right upper limb followed by 5 min of reperfusion showed hepatic cytoprotective
effects assessed by cholinesterase and bilirubin levels during liver resection [74].
Authors suggest that a shorter protocol of RIPC is safe and of equal effect, although
the mechanisms of this effect must be investigated in future studies [74].

3.2.2 RIPC in orthotopic liver transplantation

The first trial to investigate the feasibility of RIPC in liver transplant recipients
was addressing by Robertson et al. [75]. The trial involved randomization of adult
recipients undergoing deceased donor liver transplantation. To induce RIPC, a
tourniquet was inflated for 5 min and then deflated for 5 min to reperfuse the leg.
This was repeated twice and completed prior to the transplant procedure. Authors
demonstrated that RIPC is feasible, acceptable to patients and safe in this group of
patients but clinical benefits within the first 3 months post transplantation were not
detected [75]. Authors suggest that 5 min cycles are insufficient to create localized
ischemia in the limb [75].

4, Conclusion

Surgical strategies such as the induction of IPC or RIPC could be of clinical
interest in human liver resections and liver transplantation in both steatotic and
non-steatotic livers. Both IPC and RIPC are easy to apply, inexpensive and does
not require the use of drugs with potential side effects, but it requires a period
of pre-ischemic manipulation for organ protection. These preconditioning tech-
niques have been demonstrated to be promising tools for the reduction of hepatic
I/R injury in different warm and cold ischemia models. Therefore, the potential
applications of IPC and RIPC in human liver surgery are numerous. The benefits of
IPC and RIPC have been evidenced in patients submitted to partial hepatectomy in
both steatotic and non-steatotic livers. In our view, IPC and RIPC could resolve, at
least partially, the lack of liver grafts available for transplant, since it can improve
the post-operative outcome of liver grafts from extended criteria donors. However,
controversial results on the effects of IPC and RIPC have been reported in the
clinical practice of liver transplantation. It should be considered that the underly-
ing mechanisms of both IPC and RIPC and their relevance in liver surgery remain
poorly understood. Indeed, as stated along this chapter, most of the experimental
studies have been focused on the molecular changes occurring during IPC and RIPC
in non-brain-dead donors. Moreover, most of the experimental studies of IPC and
RIPC have been performed only in I/R injury models, without hepatic resections or
liver transplantation. The tolerance to I/R injury induced by either IPC or RIPC is
dependently of the number of cycles of I/R and their duration as well as the surgi-
cal procedures. The clinical application of strategies designed at benchside will
depend on the use of experimental models of IPC and RIPC that resemble as much
as possible the clinical conditions. Multidisciplinary research groups should devote
additional efforts to better understand the molecular mechanisms of IPC and RIPC
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during the different clinical liver surgery setting to ultimately develop useful surgi-
cal strategies aimed at reducing I/R damage.
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Abstract

Hepatic adenoma is known as a benign lesion encountered mainly in female
patients and classically linked to the administration of oral contraceptives. In the
last decade, the risk factors for its occurrence have changed and so did the sex
ratio. The histopathological classification of hepatic adenomas was found to be
related with certain genetic mutations that determine the risk for malignancy. The
diagnosis of hepatic tumor is correlated with clinical and imaging data in an effort
not only to rule out other tumors but also to distinguish the subtype of adenoma,
which is very important for the management of the patient. The ultimate diagnosis
is established by pathologists by routine histopathological and specific immunohis-
tochemical staining. There are two major issues that pathologists need to recognize:
the presence of p-catenin gene mutation and/or malignant degeneration. The best
imaging examination is considered to be MRI. However, along with MRI, ultra-
sound and computer tomography have proved themselves to be effective not only in
evaluating the number, size, localization, and complications of hepatic adenomas,
but also in identifying their subtype. A detailed presentation of characteristics of
all groups of hepatic adenoma is provided. The means of management of hepatic
adenomas are documented and decisional algorithm is explained, based on certain
criteria.

Keywords: hepatic adenoma, hepatocellular adenoma, liver adenoma, adenomatosis,
hepatectomy, laparoscopic hepatectomy, liver transplantation, liver imaging

1. Introduction

Hepatic adenoma (HA) is a rare, benign tumor of epithelial origin (2% of all
liver tumors [1]) that develops usually in healthy liver [2] and is known to occur
mainly in young female patients, having been linked to the prolonged use of oral
contraceptives [3]. In Europe and North America, it has an incidence of 3/100,000/
year [4]. Even though multiple hepatic adenomas have been described in the litera-
ture, this is a rare occurrence, most of the adenomas being solitary (70-80%), and
thus, often asymptomatic unless they become complicated (voluminous adenomas
causing upper quadrant pain and/or rupture of the tumor with hemoperitoneum
and malignant transformation) [5]. Hepatocellular adenoma is a term sometimes
used instead of hepatic adenoma, being correct in contradiction to liver adenoma
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or liver cell adenoma, which are less desirable because these two can also include
the bile duct adenoma [6]. Even though the prognosis of this type of tumor is

not well established, it is important to differentiate it from other hepatic tumors
since the hepatic adenoma has a particular therapeutic management. Differential
diagnosis however can be challenging, but can be achieved preoperatively by imag-
ing techniques. Positive diagnosis is a histopathological one and is often obtained
postoperatively [7].

2. Epidemiology

The incidence of HA has increased in recent years, but at the same time, imaging
techniques have improved, and therefore, this higher incidence might be explained
by the better diagnostic techniques nowadays available. Also, in recent years, it
seems to be a change in epidemiology, as more cases of HA in male patients are
described, particularly in Europe and Asia. This may be caused by an increased inci-
dence of obesity, another recognized risk factor of HA. Moreover, in recent years,
more and more cases of malignant transformation of HA have been reported, and
this also might be a result of improved histopathological diagnosis.

Although the link between HA and use or oral contraceptive in women of child-
bearing age is maintained, recent studies have shown other emerging important risk
factors such as metabolic syndrome [8].

3. Risk factors

The most important risk factor seems to be the use of oral contraceptives.
Hepatic adenoma used to be exceptionally rare before the age of oral contraceptives,
but after these became popular as a contraceptive solution, more and more cases
of HA were reported. In women who were long-time users of oral contraceptives,
the incidence was 1 in 30-40,000, whereas in women who have never used oral
contraceptives, the incidence was 1 in 1 million, which proves a strong link between
these two. Hepatic adenomas in women with prolonged use of oral contraceptives
tend to be more numerous, more voluminous, and with a higher risk of spontaneous
rupture and bleeding [9-12].

Another important risk factor that became even more important than other
known risk factors, such as glycogen storage diseases and diabetes mellitus type 2
alone, is the metabolic syndrome. Obesity is more and more prevalent in the general
population, and thus, it became a more important risk factor in this pathology.
Weight loss should be considered as the first therapeutic option in the management
of HA in obese patients [13]. A recent study has proved that bariatric-induced
weight loss results in significant regression of HA in severely obese women, which
emphasizes the role of overweight in HA pathophysiology [14]. Even more so,
patients with metabolic syndrome and hepatic adenomas seem to be associated
with a higher rate of malignization [8]. The association between oral contraceptive
use and metabolic syndrome on one hand and HA on the other tends to prove an
important hormonal sensitivity of the tumor (obesity is associated with higher
estrogen levels), and this is supported by the fact that adenomas may stop their evo-
lution or even regress as a result of oral contraceptive cessation [15]. In spite of this,
immunohistological studies failed to prove the direct effect of these hormones via
steroid receptors in normal and adenomatous hepatic tissue, and so the mechanism
by which high estrogen levels may cause an adenomatous transformation is still
incompletely understood [16]. As a hyperestrogenic state, pregnancy has also been
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incriminated as a risk factor, and there have been many reports of ruptured HAs in
pregnant patients with a very high mortality for both mother and child [16-19].

Apart from estrogen, use of anabolic androgens has also been linked to a higher
incidence in HAs, which is being proved not only in body builders but also in
patients treated with steroids for Fanconi syndrome, aplastic anemia, etc. Cessation
of steroid use has also been linked to regression in size of HAs [15].

Hepatic adenoma has also been linked to glycogen storage disease and hepato-
cyte nuclear factor 1A maturity onset diabetes of the young (HNF1A MODY). The
incidence is 51% in patients with type I glycogen storage disease and 25% in those
with type III glycogen storage disease (GSD) [8]. Hepatic adenoma in GSD occurs
before the age of 20 years, is more common in males, and is typically multiple.
Dietary therapy and correction of insulin, glucose, and glucagon levels have been
proved to lead to regression of adenomas [15]. The mechanism by which GSD is
involved in the development of HA is also unknown.

Finally, there seems to be a genetic predisposition, and nowadays, HAs are
believed to result from specific genetic mutations involving TCF1 (transcription
factor 1 gene), IL6ST (interleukin 6 signal transducer gene), and CTNNB1
(P catenin-1 gene) [20].

4. Pathology

HAs present as solitary lesions in most cases (70-80%), although multiple
adenomas can exist of variable sizes. HAs usually occur in the right hepatic lobe.
Macroscopically, HAs present as a smooth, tan-colored lesion, well demarcated
from the normal hepatic tissue in spite of not having a capsule, often with areas
of hemorrhage and necrosis (Figure 1). Large blood vessels that surround it are
the source of hemorrhage in a complicated adenoma. The lack of a fibrous capsule
means that the bleeding can extend into the liver parenchyma unrestricted.

Microscopically, adenomas are made of adenoma cells, which are typi-
cally larger than normal hepatocytes and contain glycogen and lipid inclusions
(Figures 2 and 3). The nuclei are small and regular and mitoses are infrequent.
The normal architecture of hepatic tissue is severely disrupted, with no portal
tracts of bile ducts, while adenoma cells are disposed in trabeculae interspersed
with arteries and thin-walled blood vessels and sinusoids. The absence of bile
ducts is a notable feature that helps in the differential diagnosis of HA with non-
neoplastic liver tissue and focal nodular hyperplasia. Kupffer cells may only rarely
be present in HA.

t. Sl
Figure 1.

Resected specimen after mesohepatectomy for a large IHA.
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Figure 2.
Normal liver (left) and hepatocellular adenoma (right), HE x4o0.

Figure 3.
Hepatocellular adenoma—Dbenign hepatocytes (large, clear, and pale due to accumulation of glycogen)
arvanged in plates, covds, and sheets, HE x200.

Similarities with a well differentiated hepatocellular carcinoma (Edmonson I)
makes the differential diagnosis a challenging one.

Based on an extensively characterized clinical, morphological, phenotypical,
and genotypical profile, four distinct subtypes of HA have been identified [3, 21]:

1. Hepatocyte nuclear factor-1 (HNF-1)—mutated HAs (H-HA)
2.p-Catenin-mutated hepatic adenomas (f-HA)

3.Inflammatory hepatic adenomas (which harbor mutations involving the
interleukin-6 signal transducer) (IHA)

4.Unclassified hepatic adenomas (U-HA).

Inflammatory and HNF1-mutated hepatic adenomas are the most frequent
subtypes (80%).

The first group (H-HA) comprises 35-40% of all patients and almost exclusively
includes women. It is related to the presence of transcription factor 1 gene muta-
tions that inactivate hepatocyte nuclear factor la (HNF-1a). The nonfunctioning
HNF-1a protein promotes lipogenesis and hepatocellular proliferation. Moreover,
abnormal HNF-1a protein determines silencing of liver fatty acid-binding protein
FABP1. FABP1 is a gene positively regulated by HNF-1a and expressed in normal
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liver tissue, but in H-HA its downregulation results in impaired fatty acid traf-
ficking in hepatocytes, which causes intracellular fat deposition [22]. H-HA is
sometimes associated with maturity-onset diabetes of the young (MODY), type 3,
and familial hepatic adenomatosis. Half of these patients have multiple HAs. More
than 90% have a history of oral contraceptive use. The tumors are characterized
by marked steatosis (Figures 4-7), a very low risk of complications, and a low

risk of malignant transformation. On immunohistochemistry staining, H-HA is
LFABP (liver fatty acid binding protein) negative, which is in contrast with normal
expression in the surrounding nontumoral liver [21]. The sharp contrast between
tumor and adjacent parenchyma in terms of steatosis and LFABP expression enables
delineation of tumor borders which are often irregular and lobulated with often
small HA foci in vicinity.

The second group comprises 10-15% of all patients, includes mainly men, and
is characterized by the presence of mutations that activate p-catenin and cellular
abnormalities. f-Catenin is encoded by catenin p 1 gene (CTNNB1) on chromo-
some 3p21 and represents an important downstream effector of the Wnt/p-catenin
pathway. This pathway is important in liver embryogenesis, cell adhesion, growth,
zonation, and regeneration [22]. An activating p-catenin mutation is also associated
with specific conditions such as glycogen storage disorders or androgen administra-
tion. The phenotype is represented by cellular atypia with high nuclear-cytoplasmic
ratio, nuclear atypia, and pseudoglandular growth pattern. It is identified by
immunohistochemistry due to a strong expression of glutamine synthetase with or
without aberrant cytoplasmic and nuclear expression of f-catenin. f-HA has the
highest risk of malignant transformation than other HA subtypes, and it is very
difficult to be distinguished from the well-differentiated hepatocellular carcinoma
(HCC). Some risk factors are related to f-HA, such as male hormone administra-
tion, glycogenosis, and familial polyposis.

The third group (IHA) includes 50% of all patients and is most common in
overweight women who suffer from metabolic syndrome or have had prolonged
estrogen exposure. Patients with IHA demonstrate both serum and lesional indi-
cators of an active inflammatory response. IHA is characterized histological by
inflammation, marked sinusoidal dilatation or congestion, numerous thick-walled
arteries, and ductular reaction (Figures 8 and 9). This subgroup was previously
named ‘telangiectatic focal nodular hyperplasia’ The extent of congestion, peliosis,
and hemorrhage is different from case to case. Steatosis may be present in IHA but
is not as extensive as in H-HA. In case of multiple tumors, the amount of steatosis

Figure 4.
Hepatocellular adenoma—HNF1 alpha mutated subtype—steatosis within the tumor, HE x200.
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Figure 5.
Hepatocellular adenoma—HNF1 alpha mutated subtype—steatosis and pseudoglandular formations,
HE x200.

Figure 6.
Hepatocellular adenoma—HNF1 alpha mutated subtype—pseudoglandular formations and steatosis within
the tumor, HE x200.

Figure 7.
Hepatocellular adenoma—steatosis within the tumor, HE x200.

varies among the tumors in the same patient. Immunohistochemically, it is distinc-
tive by a strong expression of inflammation-associated proteins such as serum
amyloid A and C-reactive protein at mRNA and protein levels. The genetics of this
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Figure 8.
Hepatocellular adenoma—inflammatory subtype, HE x200.

Figure 9.
Hepatocellular adenoma—inflammatory subtype, HE x40, with sinusoidal dilatation and hemorrhage within
the tumor.

group is related to activation of the JAK/STAT pathway underlined by mutations

in different genes. In 60%, there are somatic gain-of-function mutations of the
interleukin-6 signal transducer gene (IL6ST), which is located at chromosome 5q11
and encodes for glycoprotein 130. Gain-of-function mutations in glycoprotein 130
activate JAK-STAT-3 without interleukin-6 binding. The other 40% show overex-
pression of wild-type glycoprotein 130, which activates STAT-3 through an uniden-
tified mechanism. Marked peliosis is probably caused by suppression of albumin
gene, insulin-like growth factor gene IGF1, and/or transthyretin gene. Mutations of
p-catenin may coexist in 10% of IHA (p-IHA). These patients may have signs and
symptoms of systemic inflammatory syndrome, manifested as fever, leukocytosis,
and elevated serum levels of CRP. Abnormal results of liver function tests may
occur, with elevation of alkaline phosphatase and y-glutamyl transferase. Systemic
AA amyloidosis is a rare complication of HA which causes nephrotic syndrome with
deteriorating renal function. Resection of the tumor is followed by improvement in
renal function and a marked decrease of the serum concentrations of acute phase
proteins [23].

The last group that is unclassified (UHA) accounts for 5-10% of adenomas. For this
group, the genotype is unknown and the phenotype and immunohistochemistry—
unspecific. In this group is also included HA that cannot be classified due to near-total
necrosis or hemorrhage [21].

The first important thing for the pathologist is to correctly identify the
p-catenin-activated HA and to decide when immunostaining is needed. Morphology
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and additional immunohistochemical markers can discriminate between different
types of HA in more than 90% of cases [24]. Identification of beta-catenin positive
adenomas has important implications in the decision for surveillance and treat-
ment of these patients. Even if very specific, nuclear p-catenin immunostaining is
of low sensitivity in accurate detection of f-HA and p-IHA due to uneven staining
distribution or focal nuclear staining. Therefore, additional molecular biology is
required. It is recommended to perform glutamine synthetase (GS) staining on
every single HA, because GS is one of the target genes in case of p-catenin activa-
tion, and it is usually diffusely and strongly expressed in p-catenin-activated

HA. GS staining can also be patchy or diffuse but less intense and still be an indica-
tion of B-catenin-activating mutations, but in this case, a molecular analysis must
be performed to confirm it.

The second important thing for the pathologist is to correctly recognize foci
of HCC inside HA. The problem is to avoid overdiagnosis in case of mild or focal
cellular atypia. Some HAs may look worrisome due to the presence of architectural
distortion, thicker liver cell plates, extensive pseudogland formation, and decreased
reticulin framework together with increased CD34 staining (Figure 10). These
are called “atypical HA,” “borderline lesions,” and, recently, “well-differentiated
hepatocellular neoplasms of uncertain malignant potential.” Reticulin staining
(Figure 11) is the most powerful tool to identify foci of definite malignant trans-
formation, especially in association with architectural distortion, cellular atypia,
and increased CD34 staining. Glypican 3 is also very useful when it is positive
(Figure 12), but its negativity does not rule out malignancy [25]. In most cases of
HA and occasionally in HCC, the CD34 staining intensity is variable in different
areas and virtually all HCCs have homogenous CD34-positive staining intensity and
density [26]. Total loss of reticulin network and diffuse increased CD34 expres-
sion, possible presence of glypican 3, and increased MIB1 staining are indications
for HCC foci. HSP70 can be also useful. There is no specific phenotype of HCC
developed from HA, but some observed that these HCC are often pigmented or
cholestatic.

The pathologist needs enough samples, some of them at the junction with the
nontumoral liver. For immunohistochemical results, it is mandatory to have a
biopsy of the nontumoral liver for comparison.

Interestingly, certain magnetic resonance imaging (MRI) features seem to
correlate with the histologic subtypes, suggesting that it may be possible to classify
them by MRI [7]. HNF1-inactivated HA and inflammatory HA can particularly be
diagnosed by radiologists with considerable accuracy.

Figure 10.
Hepatocellular adenoma—CD34 immunohistochemical stain for endothelial cells, few sinusoids are seen in the
tumor, x200.
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Figure 11.
Hepatocellular adenoma—rveticulin stain—left normal liver and right hepatocellular adenoma—there is no
loss of reticulin network, Gomori x200.

Figure 12.
Hepatocellular adenoma—HNF1 alpha mutated subtype—mild lipofuscin deposits revealed by glypican 3
immunohistochemical stain, x200.

4.1 Adenomatosis

Adenomatosis is a distinct clinical entity and was first described in 1985 [27] and
since then has been defined by the presence of more than 10 adenomas, involving
both hepatic lobes, in the absence of glycogen storage diseases, prolonged use of
steroids, or resolution with steroid cessation [28]. It is estimated that adenomatosis
affects both men and women, and, unlike HA, is correlated with a higher risk of
impaired liver function, manifested as an increase in serum alkaline phosphatase
and GGT levels [27] and also with a higher risk of bleeding. Instead, the malignant
degeneration does not correlate with the number of lesions. There are two dif-
ferent patterns of adenomatosis: (1) the massive pattern, which is defined by the
existence of larger lesions, up to 10 cm, that often result in gross hepatomegaly with
deformed contour of the liver and (2) the multifocal pattern, which is character-
ized by smaller lesions, with diameter less than 4 cm, that rarely deform the liver,
but has a tendency to progress fast and become symptomatic [29]. The etiology of
hepatic adenomatosis is suspected to be linked to congenital or acquired abnor-
malities of hepatic vasculature. In a study of 15 patients with adenomatosis, 5 had
abnormalities in hepatic vasculature: congenital absence of portal vein, portal
venous thrombosis with cavernous modification, and intrahepatic portosystemic
shunts [1, 30].
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The conditions that predispose to adenomatosis and evolution of the disease
are poorly understood, since the medical literature reports only information in
regard to individual cases or small case series, but some similarities with the HA
are evident: the tendency toward hemorrhage (especially in adenomas larger than
4 cm) and the risk of malignant transformation. Adenomas in hepatic adenomatosis
may be of inflammatory, hepatocyte nuclear factor 1 alpha mutated, or beta-catenin
mutated subtype.

5. Signs and symptoms

Most commonly, HA goes unnoticed due to its lack of signs and symptoms,
but when it does become symptomatic, it is either due to its increase in volume,
tumor necrosis, or complications such as life-threatening intra-abdominal bleed-
ing due to spontaneous rupture of the highly vascularized tumor. Sudden, severe
pain with hypotension in a patient with HA indicates rupture into the perito-
neum, an event associated with a mortality of up to 20 percent if not identified
and/or treated accordingly [9, 31, 32]. The risk of bleeding is difficult to estimate
overall, but it is quite high in patients with symptomatic HAs (25-64%). Tumor
size that exceeds 35 mm has been associated with an increased risk of bleeding
[33]. The risk of bleeding depends on the localization of the tumor. Exophytic
lesions (protruding from liver) had the highest risk of bleeding (67%), followed
by subcapsular ones (19%) and at last intrahepatic HA (11%). Lesions in seg-
ments II and III had more bleeds than those in the right liver (34% versus 19%).
The visualization on imaging of peripheral or central arteries represents a risk
of bleeding comparative with no visible vascularization in the lesion [33]. Also
a long history of contraceptive use and recent hormonal use are risk factors for
bleeding from HA. Young age seems to be associated with an increased incidence
of HA rupture, independent of hormonal treatment duration, suggesting a
need for careful surveillance or prophylactic treatment in this population [34].
Bleeding is graded as intratumoral (grade I), intrahepatic (grade II), or extra-
hepatic (grade III) and represents a potentially life-threatening complication in
patients with HAs.

Hepatic adenomas are diagnosed when they cause epigastric or upper quadrant
pain or during an imaging study done for unrelated ailments, and less commonly
when an abdominal mass is palpated on clinical examination. When HA is suffi-
ciently large and compresses bile ducts, jaundice may become another sign.

6. Diagnosis and differential diagnosis

There are no specific serologic markers or laboratory findings for HA, but cer-
tain findings can lead the diagnosis away from an adenoma and toward a liver cell
carcinoma in case of an increased serum alpha-fetoprotein, or toward a metastasis
in the case of increased serum tumor markers for digestive tract tumors [35].

The definite diagnosis in this pathology is naturally a histological one; however,
obtaining it preoperatively means making a biopsy from a fragile and highly vas-
cular tissue, with significant risk of bleeding. Having to deal with a benign lesion,
and given the fact that the amount of tissue obtained is rarely enough or suitable
for a diagnosis, this risk is not justified. Thus, the diagnosis of this tumor is based
on analyzing a combination of epidemiologic and clinical data and imaging stud-
ies, but often the confirmation of the diagnosis is done by the pathologist, after the
hepatic resection.
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Usually a HA is suspected in a young adult with a singular and asymptomatic
hepatic lesion, but a thorough differential diagnosis should be made and often this
proves to be difficult. The differential diagnosis between adenomas and focal nodu-
lar hyperplasia is usually challenging, but can be done, most of the times, based on
imaging characteristics.

6.1Imaging in liver adenomas

Imaging in adenomas includes mostly ultrasound, contrast-enhanced ultra-
sound (CEUS), multislice computer tomography (MSCT), and magnetic resonance
imaging (MRI) (Figure 13).

6.1.1 Ultrasound

The most accessible, cost-friendly, and probably responsible for most discover-
ies of asymptomatic HA is the ultrasound, even though it cannot distinguish it from
other liver tumors. On gray scale ultrasound, HA is seen as a well-defined solid,
echogenic mass, but sometimes as complex hyper/hypoechoic, heterogeneous mass
with anechoic areas due to fat, hemorrhage, necrosis, and calcifications; a capsule
may also be seen [36]. Color Doppler US can aid in the distinction from FNH in the
absence of a central arterial signal, FNH having characteristic intratumoral and
peritumoral vessels [37, 38]. Contrast-enhanced ultrasound with sulfur hexafluo-
ride microbubbles (SonoVue or Lumason) greatly improves diagnosis as compared
to US without contrast.

6.1.2 Computer tomography

One of the most accurate imaging tools in diagnosing a HA is contrast enhanced
computed tomography (CECT), on which it appears as a well demarcated tumor,
with characteristic peripheral enhancement during the early phase with subsequent
centripetal flow during the portal venous phase. A heterogeneous consistency is
usually a sign of necrosis, hemorrhage, or fibrosis [5].

Multiphasic computed tomography (CT) has a detection rate of 100% for
adenomas, which is however different per type of examination: nonenhanced 86%,
hepatic arterial-dominant phase (HAP) 100%, portal venous-dominant phase
(PVP) 82%, and delayed 88%. Tumor margins are well defined by a low-attenuation
pseudocapsule in 86% of adenomas and the surface appears smooth, without
lobulated contour, in 95%. Tumor fat and calcifications are uncommon (7%, respec-
tively 5%). Other than areas of fat, hemorrhage, or necrosis, the adenomas show
homogenous enhancement, especially on PVP and delayed-phase scans [39].

Figure 13.

Hx%l;omted in segment VII as shown by imaging on NECT (A), CECT—arterial phase (B), portal venous phase
(C), parenchymal phase (D), MRI T1w (E), and T2w (F). Atoll sign characterized by a hyper intense band in
the periphery and isodensity in the center of the lesion with respect of the surrounding liver is velevant on CT in
portal venous phase (C). A hyperintense rim in T2 wi is described in inflammatory adenoma (arrow in F).
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MSCT technique: nonenhanced CT and enhanced triphasic CT: in arterial
(30-35 s after the bolus tracker detection), portal venous (60-80 s after contrast
medium injection), and equilibrium/late phases (after 3-5 min). 1.5 ml/kg of
nonionic iodinated contrast material is injected into an antecubital vein with a rate
of 3 ml/s using a power injector.

CT findings are depending on HA subtype. On nonenhanced CT (NECT), hem-
orrhage within tumor is seen on as hyperdense foci, intratumoral lipid as hypodense
foci (negative density), and focal coarse calcifications are rarely seen (Figure 14).
On contrast-enhanced (CECT), encapsulation is present in ~20% of HAs, best seen
on the late phase (Figure 14). Hypervascularity is most intense and persistent in
inflammatory subtype of HA (Figure 15).

CT is most useful in distinguishing a HA from other liver tumors or lesions: (1)
focal nodular hyperplasia which has a characteristic central star-shaped hypodense
scar, (2) hemangiomas with their peripheral enhancement on arterial phase and
progressive centripetal fill-in pattern, (3) liver cell carcinoma which has a par-
ticular wash-in, wash-out pattern, and (4) singular liver metastases with no fat or
hemorrhage.

6.1.3 Magnetic vesonance imaging (MRI)

6.1.3.1 MRI technique

Unenhanced conventional sequences: T2w is useful in detection of focal liver
lesions. T2* is important in the evaluation of iron content and chemical shift artifact
sequences; T1 in/out of phase is important to delineate steatosis or intralesional lipo-
matous content; ssFSE short TE/long TE makes differentiation between cysts and
solid mass; and diffusion is the most sensitive sequence for liver lesion detection.

Contrast enhanced T1: multiphase dynamic 3D acquisitions without and with
intravenous injection of 0.1 ml/kgbw of extracellular or liver-specific contrast para-
magnetic agents (Gd-EOB-DTPA) in arterial phase (AP): detection of hypervascular
lesions, portal venous phase (PVP), late phase (LP), and hepatobiliary phase (HBP).

Imaging key features in HAs are: hypervascularity, fat content, hemorrhage,
and encapsulation. MRI shows some elements better than CT (lipid and hemor-
rhage). HA shows no substantial uptake or retention in contrast enhanced MRI with
Gadoxetate (Primovist). MRI features for adenomas are distinct from FNH. TIWI:
mass with heterogeneous signal intensity; increased signal intensity (due to fat or
recent hemorrhage); decreased signal intensity (necrosis, calcification, old hemor-
rhage) T1 + C: heterogeneous, hypervascular liver mass with foci of fat or hemor-
rhage in a young woman.

Figure 14.
NECT with large liver mass with central calcifications, small lipomatous inclusions, solid components and
necrosis (A), CECT—arterial phase (B), portal venous phase (C), and parenchymal phase (D).
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Figure 15.
CT evaluation: liver adenoma with central necrotic area and encapsulation (arrow).

6.1.3.2 MRI evaluation

Some MRI findings of HAs are similar to CT findings, but MRI is usually more
sensitive in detecting fat from hemorrhage. The appearance of HAs on MRI is highly
variable, especially in T1, but if contrast medium is used, then it may be better
characterized, showing early arterial enhancement and becoming nearly isointense
to liver on delayed images.

On T1-weighted images (T1wi), HA appears as a heterogeneous signal inten-
sity mass. The increased signal of HA is due to fat and recent hemorrhage, and the
decreased signal intensity is due to necrosis, calcification, or old hemorrhage. A
fibrous pseudocapsule may be seen in HA as a hypointense rim. In T2wi, the mass
appears heterogeneous; increased signal intensity corresponds to old hemorrhage
or necrosis, and the decreased signal intensity is due to the fat or recent hemor-
rhage. The peripheral rim (fibrous pseudocapsule) in HA appears hypointense
in liver parenchyma (Figure 16). After contrast injection (T1wi + C) in arte-
rial phase, adenomas are heterogeneous hypervascular masses (inflammatory
HA+++) and in delay phase a pseudocapsule, which is hyperintense comparative
to the normal liver, can be seen. After Gadoxetate-enhanced MR (Gd-EOB-
DTPA), in HA there is no substantial contrast uptake or retention on hepatobili-
ary phase [40].

T1Fs+Gd

Figure 16.
MRI evaluation: liver adenoma with central necrotic area and pseudocapsule hyperintense to the surrounding
liver (arrow).
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MRI with hepatobiliary agents is an important tool not only in differential sub-
type definition but even in surveillance with early identification of complications
and discovery of some signs of HA malignant degeneration [41]. Lesion enlarge-
ment and heterogeneity of signal intensity and of contrast enhancement are signs
of malignant transformation [42].

Imaging recommendations: the best imaging tool is represented by Gadoxetate-
enhanced MRI including multiphase and hepato-biliary phase acquisition [43]. The
best sequence to evaluate fat into HA is T1wi with in and opposed TE.

6.1.3.3 Classification of HAs based on imaging examinations

MRI is the imaging modality of choice for characterization of HA subtypes
[22]. Inflammation, abnormal rich vascularization, peliotic areas, and abundant
fatty infiltration are pathologic findings differently present in the HA subtypes at
multiparametric MRI [41].

HNF1A-mutated adenoma (H-HA): on MRI, the diffuse and homogenous fat
deposition within HA-H determines a specific imaging pattern: on T1-weighted
Gradient-Echo MR, it is hyper- or isointense, with diffuse signal drop-off with
the use of chemical shift sequence (Figure 17). On T2-weight MR, images appears
isointense to slightly hyperintense. Gadolinium-enhanced T1-weighted MR images
show moderate enhancement in the arterial phase, with no persistent enhancement
in the portal venous and delayed phases. Generally, its size is less than 5 cm, and
there are minimal risks of bleeding and malignant transformation [22]. At multi-
detector CT, macroscopic fat deposits can be identified and establish the diagnosis
of H-HA. On CEUS, it has iso- to moderately increased vascularity, mixed filling in
the arterial phase after contrast and isoechoic appearance in the portal venous and
delayed phases.

p-catenin-mutated hepatic adenoma (p-HA): there are no distinctive patterns
established on MRI, multidetector CT, or CEUS, but they usually are hypervascular
with evidence of hemorrhage or necrosis within tumor. Besides the fact that has
the highest risk of malignant transformation (> 10%), it may mimic hepatocellular
carcinoma with strong enhancement during arterial phase and with portal venous
wash-out.

Inflammatory hepatic adenoma (IHA): includes those previously called “telan-
giectatic HA.” It has specific patterns on MRI due to less fat content, sinusoidal
dilation, peliotic areas, and abnormal vessels. On T1-weighted Gradient-Echo
MR images, it is depicted as isointense or mildly hyperintense, without signal
drop-off with the use of chemical sequence, and on T2-weighted MR images, it
becomes bright (diffusely hyperintense). On Gadolinium-enhanced T1-weighted
MR images, it shows intense enhancement during arterial phase that persists in

M out of phase  Tain phase
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Figure 17.
HNF1A-mutated HA: diffuse lipid deposition within HA best seen using T1 with TE in and out of phase
(arrow).
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Figure 18.
Inflammatory liver adenoma: hyperintensity T2 wi and hypervascularity of the liver mass through the late AR,
and discreetly hyperintense in portal and late phase.

the portal venous and delayed phases (Figure 18). The atoll sign is specific for IHA
and may be due to sinusoidal dilatation. In up to 30% of cases, there is evidence of
hemorrhage, and a 10% likelihood of malignant degeneration is estimated. At mul-
tidetector CT, IHA is depicted as heterogeneously hyperattenuating mass in NECT
and in CECT shows enhancement features similar to those at MRI. At CEUS, it has
arterial vascularity with centripetal filling, a sustained enhanced rim and central
wash-out in the late venous phase.

Unclassified hepatic adenoma (U-HA) does not fit other profiles of HA subtypes.

6.1.3.4 Differential imaging diagnostic of adenomas

Hepatocellular carcinoma (HCC) may be hard to distinguish on imaging or
pathology. Biliary, vascular, nodal invasion and metastases of HCC typically occur
in older, cirrhotic men [42, 45]. Adenoma occurs in young, healthy women.

Fibrolamellar HCC is shown as a large, lobulated mass with scar and septa inside.
Vascular, biliary invasion and metastases are common.

Focal nodular hyperplasia (FNH) is depicted on MRI + C in arterial phase as
a homogeneously enhancing mass and in all other phases as an isodense mass
comparative to normal liver. In T2WI, a scar is typically seen as hyperintense. On
delayed phase MR, FNH uniformly retains Gadoxetate [44, 45]. Gadoxetic acid-
enhanced MRI can differentiate between HA and FNH with a high sensitivity and
specificity [46].

Hypervascular metastases are usually multiple. The primary tumor (i.e., thyroid,
breast, kidney, or endocrine) must be searched for. CT + C or MRI + C in arterial
phase shows heterogeneous enhancement. In portal and delayed phases, hypervas-
cular metastases may appear isodense, hypodense, or hypointense.

6.2 Nuclear medicine studies
Most HAs have a decreased uptake of Gallium and colloid, early and retained
uptake of hepatobiliary agents, and no uptake on PET scanning.

If radiological studies cannot distinguish HA from HCC and FNH, a combination
of radionuclide imaging, including technetium (99mTc)-sulfur colloid sulfur-colloid,
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Ga, and technetium-99 pyridoxyl-5-methyltryptophan (PMT) uptake may help estab-
lish the correct diagnosis [47]. Most adenomas do not take up technetium Tc-99m
sulfur colloid so they appear as a “cold” spot in the parenchyma of the liver. This
examination is not particularly good in diagnosing an adenoma but in distinguish-
ing one from a FNH, which shows equal or greater uptake of the radiolabeled agent
compared with surrounding liver [48]. 99mTc-labeled DISIDA (dimethyliminoacetic
acid) liver scintigraphy has also been used by some authors for diagnosis of HA [47].

Positron emission tomography (PET) scanning with fluorine-18-fluorodeoxy-
glucose (*®FDG) is useful in differentiating HAs from malignant tumors, because
malignant tumors show uptake of *FDG but not benign tumors, with some excep-
tions like inflammation and abscess.

Although CEUS, CT, MRI, and nuclear studies help in characterization of
hepatic lesions as adenomas, the findings sometimes are nonspecific, and biopsy
and/or resection may still be necessary.

6.3 Detection of malignant transformation

The pathogenesis of malignant transformation of hepatocellular adenoma
is still poorly understood. Some light was recently shed on the mechanisms of
hepatocarcinogenesis, which suggest the importance of telomerase reverse tran-
scriptase (TERT) promoter mutations beside the early event of p-catenin mutation.
Apparently, only the f-catenin mutations that occur on exon 3 and not those on
exon 7-8 are involved in malignant transformation of HA [49]. It still remains
unclear if hepatocellular carcinoma emerges from hepatocellular adenoma or if the
lesions are coincident. Malignant transformation of hepatocellular adenoma has
been reported in 4% of women and 47% of men with HA [50]. The risk of malig-
nancy is very high for -HA, which is most frequently associated with glycogenosis
type 1, androgenic hormone intake (many of these tumors expressing androgen
receptors in men), and familial polyposis. It is important to remind that no HA sub-
type is devoid of risk of malignant transformation. Men are predisposed to hepato-
cellular carcinoma regardless of etiology, and for this reason, surgical treatment is
strongly recommended for male patients diagnosed with HA. For women, an older
age (50 years or older) or a younger age (15 years or less) is a risk factor for malig-
nant degeneration that must be taken into account to refer these patients to surgeon
for resection or at least to a hepatologist for very close and careful surveillance.

At present, no clinical assessment can distinguish between HA and degenerated
HA, and no rules for surveillance of HA in both sexes are clearly defined according to
subtypes. The methods and the periodicity of following these patients are variable.
Radiological assessments could include CEUS, multidetector raw CT, and dynamic
MRI. CEUS allows more sensitive recognition and specific exclusion of malignancy
compared with CT and dynamic MRI and has the advantage that can be repeatedly
performed without the risk associated with allergic reactions or radiation exposure.
Moreover, MRI has the disadvantage that cannot be performed everywhere in the
world because the technical skills and expertise are very much geographically depen-
dent. Two main features must be taken into consideration at reassessment of these
patients with HA: the size of the tumor and, more important, the hemodynamic
changes that precede the tumor growth [50]. Malignant degenerations are considered
when the tumor was first iso-attenuated when compared with normal liver during the
nonenhanced and delayed phases and appeared homogenous in the early phase but,
at a later examination, it becomes enhanced in the early phase and hypo-attenuated in
the delayed phase. Also, the presence of a nodule within a nodule during the arte-
rial phase is known as a sign of malignancy. f-HA often has cytological atypia and
pseudoglandular pattern, and it is sometimes almost impossible to identify HCC.
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7. Management and current guidelines

The surgeons must be convinced that HA subtypes are important for the man-
agement of the patients. From now on, a diagnosis of HA cannot be conceived
without group classification. The number and location of HA play a great role
in management, but various clinical conditions such as age, sex, etiology, back-
ground liver, or comorbidities must be taken into consideration. Other aspects
also play a role in decision making, like where the patient lives, the degree of his/
her anxiety, and cost of surveillance. The management of patients with HA must
be planned by a complex team formed by surgeons, hepatologists, pathologists,
radiologists, gastroenterologist, molecular biologists, and geneticists.

There are no clear guidelines for the management of HA, because the treatment
depends on many factors such as HA size, number, localization, gender, age, pres-
ence of symptoms, and complications.

In young women treated with contraceptive pills, asymptomatic lesions under
5 cm in diameter should be kept under close observation with CT/CEUS repeated
every 6 months [51] and repeated alpha-feto-protein, all the while ceasing to use
contraceptive pills [52]. Any modification in imaging suggesting a malignant trans-
formation or an increase in the serum tumor marker should lead to liver resection.
There are some authors who advocate resection of adenomas of any size given their
risk of malignization and bleeding, if the resection can be performed with accept-
able risk. The facts that surgical excision guarantees a definitive diagnosis and
long-term cure favor the universal indication of surgery for HA [53].

7.1 Surgical resection

The indications for surgery in nonemergent cases are: HA > 5 cm, female patients
taking oral contraceptives with HA > 3 cm [47], HA with growing size, HA with
HCC or dysplastic foci, p-catenin-activated HA, imaging features of malignant
transformation, increased serum alpha fetoprotein, HA in males regardless of the
tumor size, HA in GSD, symptomatic patients, or when malignancy cannot be
excluded [54]. The type of resection depends mainly on number, size, histological
type, and localization of HA. The resection techniques vary from simple enucleation
to liver transplantation [55]. Liver resection for HA can be anatomic or nonanatomic.
Anatomic resections reported in the literature for HA refer to minor hepatectomies
that imply the removal of the tumor with one or two segments of the liver [56], but
also major hepatectomies like left and right hemihepatectomy, mesohepatectomy
[57], and left or right extended hepatectomy [26, 58]. Nonanatomical resections are
wedge resections [59]. Enucleation seems to be a choice for such benign tumor, but
is not advisable due to the risk of remnant tumor that can cause tumor recurrence ot,
worse, malignant degeneration, especially for p-catenin HA. It was speculated that
the classical 1 cm oncological safety margin could be lowered to 0.5 cm for HA. The
safety margin at the edge of resection is mandatory, if any suspicion of HCC exists.

Surgery in elective cases is less than 1% and most tumors can be operated
laparoscopically, with significant advantages [59-61]. A better cosmetic result,

a shorter hospitalization (4 days) with early return to normal life, and a lower
incisional rate are the main advantages that laparoscopy has comparative with
open approach. However, laparoscopy should be performed only in specialized
centers with extensive experience in both hepatic and laparoscopic surgery.
The first non-anatomical laparoscopic liver resection for HA reported by Ferzli
et al. [62] in 1995 was followed one year later by the first anatomic laparoscopic
resection for HA performed by Azagra et al. [63]. Pure laparoscopic procedure
can be performed for HA with no mortality and reduced morbidity even in
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hemodynamic stable patients with ruptured HA [61]. Moreover, some surgeons
consider laparoscopic surgery the standard of care for the treatment of HA [59].
Hand-assisted or “hybrid” techniques are also optional approaches [64] and the
parietal incision is later used for specimen retrieval. In pure laparoscopic surgery,
the specimen is retrieved through a Pfannenstiel incision even when the tumor is
as large as 180 mm [61].

Pringle maneuver can be of great use to minimize the intraoperative blood loss and
it is used by surgeons both in laparotomy and laparoscopy. Some authors consider it
unnecessary for laparoscopic left lateral sectionectomy [60]. Instead, others perform
the maneuver for both atypical and anatomical resections. Laparoscopy is restricted
by the localization of HA involving segments VII and VIII. The half-Pringle maneuver
was associated for right posterior sectionectomy and resulted in less bleeding [65].

Total vascular exclusion of the liver is routinely recommended in high dorsal
resections for HA [66].

Intraoperative blood transfusion is rarely needed and generally is performed
in case of ruptured bleeding adenoma. Conversion of laparoscopy to laparotomy
should be considered just in case of too much bleeding and difficulties for the
anesthesiologist to stabilize the patient.

The high rates of mortality and morbidity previously reported after liver resec-
tion for bleeding HA are recently denied by new evidences [30]. Emergency resec-
tion of ruptured HA has a mortality rate of 5-10%, whereas elective surgery has
a mortality rate of less than 1% [67]. These results are explained nowadays by the
availability of improved hemostatic techniques, excellent anesthesia support, and
postoperative intensive care. In the past, in the presence of signs of hemorrhagic
shock, the mortality was as high as 20% for resection [68]. At present, the mortality
for such patients trends toward zero. Nonsurgical strategies such as arterial embo-
lization or gauze packing have been recommended in order to stabilize the patient
and delay resection to an elective setting. There are situations when intraperitoneal
bleeding from a ruptured adenoma is self-limited and a laparotomy is done just
for biopsy. A recent bleeding adenoma does not necessarily need resection. After
this acute bleeding, some of these tumors regress, others are stationary, and few
rebleed. Transarterial embolization (TAE) can not only stabilize the patient but
also obtain complete avoidance of surgical intervention. Sometimes, repeated
embolization is needed to achieve hemostasis. However, liver resection remains the
best means to achieve hemostasis and also to obtain a thorough histology.

7.2 Liver transplantation

Liver transplantation is an extraordinary choice in a few selected patients,
with multiple HAs, giant HAs [69], or recurrent adenomas that are not technically
resectable [70]. Those HAs considered unresectable are either in close proximity
to major vascular structures or the liver hilum or less than 20% of viable hepatic
parenchyma remains after resection. Liver transplantation for recurrent HA is a
more technically demanding procedure if compared to the cases with chronic liver
disease due to the presence of postoperative adhesions that must be divided before
reaching the liver and also due to difficulties in liver implantation when at least a
major hepatic vein and hepatic pedicle are absent after major hepatectomy [70].
Transplanted liver is generally harvested from a cadaveric donor but living liver
transplantation has also been reported [71]. Due to an expanding armamentarium
and experience in angiographically controlling bleeding from a ruptured HA, liver
transplantation as an ultimate life-rescue therapy remains exceptionally rare, being
reported for spontaneous intra-partum rupture of hepatocellular adenoma [72]
(Algorithm1).
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Algorithm 1. Management in hepatic adenoma.
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7.3 Management of liver adenomatosis

The management of cases with liver adenomatosis is cumbersome. All women
with adenomatosis must discontinue exogenous hormone therapy and should avoid
pregnancies. In the massive pattern of adenomatosis, if larger lesions comprise a
single lobe, a hemihepatectomy or more limited hepatic resection (Figure19) could
be a wise choice. Laparoscopic left lateral sectionectomy can be a good approach for
those patients expecting a future liver transplantation [73] (Algorithm 2).

Algorithm 2. Management in liver adenomatosis.
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Even the resection of only the complicated nodule (i.e., hemorrhagic liver
nodule) seems appropriate as the first step toward enlisting for liver trans-
plantation. Multiple resections are the preferable options in patients with liver
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Figure 19.

Upper left: massive liver adenomatosis that deforms the contour of the left lateral sector. Upper right: a left
lateral sectionectomy is planned and a cotton loop around hepatic pedicle is placed for Pringle maneuver.
Lower left: intraoperative aspect after left lateral sectionectomy. Lower right: sectioned surgical specimen with
evidence of the largest HA.

adenomatosis, unless technically impossible or unsafe. Radiofrequency ablation
or embolization in these patients was successful in some authors’ experience

[74]. Liver adenomatosis becomes an indication for liver transplantation if there
is evidence of malignant transformation or complications [75]. Observing these
changes is possible only if patients are carefully followed on a regular basis with
imaging. Liver transplantation should be considered as the last resort for patients
with adenomatosis. Patients with GSD should undergo transplantation earlier
than other patients with HA because the literature considers this underlying
disease as a risk factor for malignant transformation of adenomas [72]. Like

in transplantation for HCC, imaging diagnosis of vascular invasion should be
considered an absolute contraindication to transplantation. So all the efforts are
directed to early diagnose a malignant transformation of HA, and any suspicion
of malignancy has to be rapidly confirmed by biopsy. Discussion with the patients
with liver adenomatosis about liver transplantation must be initiated when a major
criterion or at least 3 minor criteria are identified. The only major criterion is the
histological proof of malignancy in at least one adenoma. The minor criteria are:
(1) more than 2 serious (life-threatening) hemorrhages, (2) more than 2 previous
hepatectomies, (3) p mutated or inflammatory adenomas, (4) underlying liver
disease (major steatosis and vascular abnormalities), and (5) age > 30 years [72]
(Figure 20).

7.4 Alternative treatment of HA

Other options of treatment include: transarterial embolization or ablation and
radiofrequency ablation. TAE is considered as a safe and effective mini-invasive
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Figure 20.

Liver adenomatosis with a voluminous adenoma of the left liver in a 47-year-old male patient who had a liver
transplantation. A-C. CECT of the liver with adenomatosis. D. Total hepatectomy specimen with numerous
adenomas of various siges, a voluminous adenoma in the left liver, and blood clots due to intratumoral
bleeding.

procedure to be used in both elective and emergency conditions. For small lesions,
TAE can achieve complete resolution and thus avoidance of liver surgery entirely.
TAE may be also used as means to shrink the tumors to a size that renders them
approachable for subsequent surgical resection [76]. TAE can reduce the size of
large adenomas, multiple adenomas, or adenomas that are in a surgical inacces-
sible localization alleviating the symptoms and reducing the risk of perioperative
bleeding. It has a low rate of complications (8%). These complications associated
with TAE include post-embolization syndrome, temporary renal failure, and cyst
formation [77]. One pyogenic abscess after TAE was also reported as a complication
after TAE for a large HA. No sufficient data exist until now to conclude that TAE
reduces the risk of hemorrhage or malignant transformation of residual HA, despite
reports of a reduction in tumor size.

Radiofrequency ablation has its shortcomings, such as the need of many ses-
sions in order to destruct the tumor completely, but it may be a very good option for
tumors that cannot be operated [78].

Medical treatment such as administration of the SRC inhibitor dasatinib or
JAK1/2 inhibitor ruxolitinib could be a new alternative in the future [79].

7.5 Management of pregnant patient

Pregnancy is no longer considered a contraindication in hepatocellular ade-
noma less than 5 cm. Given the fact that the HA behaves as a hormone-dependent
tumor that seems to grow or regress according to estrogen level increase or
decrease, respectively, it is advised that patients with adenomas who contemplate
pregnancy firstly resolve the liver tumor prior to remaining pregnant [80]. If HA
was diagnosed in a fertile but nonpregnant woman, and if the tumor is greater
than 5 cm or she has experienced adenoma-related complications, resection is
indicated before pregnancy. If HA is incidentally identified during pregnancy,
the best management varies from case to case. For the smaller lesions, a conserva-
tory approach is feasible on the condition of ultrasound follow-up every 6 weeks.
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Adenomas greater than 5 cm that are discovered during pregnancy need individu-
alized approach. Surgery is recommended during second trimester to minimalize
the risks for both the mother and the fetus. Radiofrequency has been an option
performed during the first and second trimester [18]. Angioembolization poses
the radiation risk to the fetus early in pregnancy and must be avoided in the first
trimester.

Pregnancy induces not only an increased level of endogenous hormones
but also an increased liver vascularity that puts the patient at risk for adenoma
rupture especially in the third trimester [81]. However, a ruptured HA discovered
during pregnancy should be immediately resected by laparotomy or laparoscopy
[28, 82, 83].

7.6 Follow-up of the patients

The great majority of nonresected uncomplicated HA remains stable, in few
cases disappear, and in general do not grow. There is an observation that IHA may
disappear more rapidly.

The follow-up of the patients with H-HA and IHA with complete resection can
be stopped few years after surgery. In case of incomplete resection and with no
significant change in HA size during the first years, the follow-up must be contin-
ued but at longer intervals.

Instead, the patients with p-HA resected or RF ablated must be followed-up
very closely with AFP serum level check and repeated alternating imaging (US,
CEUS, CT, and MRI) in order to early diagnose a possible recurrence and, in a
much worse scenario, a possible malignancy with the same positioning in the
liver [84].

8. Conclusions

The incidence of hepatic adenoma has increased lately as a result of more
frequent imaging investigations performed for reasons not necessarily related
to the presence of this benign tumor. The classical profile of the patient with
adenoma has changed as a result of the emergence of new risk factors. As a result
of research into phenotype, genotype, and imaging and the correlations of these
results with clinical data, it is advisable that the diagnosis of hepatic adenoma
include the subgroup of classification, which indicates the appropriate manage-
ment of the case. The means of fitting the liver adenoma into the four subgroups
are primarily imagistic, of which MRI has an essential role. In the case of insuf-
ficient data for the correct and complete diagnosis of hepatic adenoma, tumor
biopsy is needed percutaneously or after tumor resection. Management of hepatic
adenoma may mean on the one hand careful monitoring to recognize one of the
two worrisome complications—hemorrhage and malignancy—and on the other
hand, the treatment of the tumor, which may be asymptomatic or symptomatic,
uncomplicated or complicated. In the elective cases, surgical resection remains the
gold standard with a clear tendency toward laparoscopic approach in specialized
centers, but in emergency cases caused by adenoma rupture, interventional arte-
riography has gained a net advantage over surgery. For rare cases of recurrent or
extremely bulky hepatic adenomas, for which surgery is not feasible, but also for
cases of liver adenomatosis on certain criteria, liver transplantation from cadav-
eric or living donor has become a reality. Careful monitoring of post-treatment
patients should be continued and adapted according to the therapeutic outcomes
and histopathology of the hepatic adenoma.
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Abstract

Hepatic hydatid disease has been reported from ancient times. It is a zoonotic
infection caused by nine recognized species of tapeworms of the genus Echinococcus.
Some of them are known to cause human echinococcosis, and there is reasonable
doubt regarding the others. Diagnosis is supported by epidemiological history, clin-
ical presentation, radiological imaging, and serological tests. Various pathological
forms may become life-threatening, and in those cases, the treatment is extremely
complex. The main objective of the treatment is to completely cure the illness in
order to avoid further complications and recurrences. Hepatic surgery, using differ-
ent techniques, achieves best results with acceptable morbidity and mortality rates.
In the South of Chile, the geographical location in which we work, this illness is
endemic with high incidence and prevalence. The hepatobiliopancreatic units of the
regional surgical centers of Temuco have plenty of experience treating liver hydatid
disease. In this chapter we shall focus especially on epidemiology, etiopathogenesis,
diagnosis, and surgical treatment of hepatic hydatidosis.

Keywords: hepatic hydatidosis, epidemiology, etiopathogeny, diagnosis,
surgical treatment

1. Introduction

Human echinococcosis, also called hydatidosis, is a zoonosis which has been
known from ancient times. There are mentions about hydatid disease both in
humans and animals in documents as old as the Ebers Papyrus and the Babylonian
Talmud [1, 2]. Around the mid-nineteenth century, a significant breakthrough
happened when the etiology and the life cycles of different Echinococcus species
were defined, although there are still many related questions pending to resolve
[3]. Hydatid disease is caused by nine recognized species of tapeworm of the genus
Echinococcus (E.). Seven of them cause different forms of human echinococcosis,
and the remaining two are being studied for a possible human affectation. Some
of the life cycles of these tapeworms have domestic animals as hosts, e.g., dogs as
definitive hosts and sheep as intermediate hosts. Humans are accidental intermedi-
ate hosts. Other species of these parasites have wild life cycles, infecting almost
exclusively wild animals and rarely humans. Additionally, more complex cycles

149 IntechOpen



Liver Disease and Surgery

with interaction of wild and domestic animals have been described as well. There
are reported variants of these cycles depending on geographical location [4].

Cystic echinococcosis, the most common form of hydatidosis, is an endemic
zoonosis caused by the larval stage (metacestodes) of the tapeworm E. granulosus.
In relation to the geographical distribution, the disease is present in many coun-
tries around the world [5]. The diagnosis is supported by epidemiological history,
anamnestic data, clinical presentation, radiological imaging, and serological tests.
Surgical treatment employs different techniques, aiming for the best outcome for
the patient. Partial cystectomy, pericystectomy, and hepatic resection are per-
formed by either open or laparoscopic surgical access, with or without neoadjuvant
or adjuvant medical therapy. There are also different procedures for the evacua-
tion of the parasite, using percutaneous or endoscopic access. In selected cases,
antiparasitic drug therapy is employed as the only treatment for this illness [6].
The prognosis for these patients will depend on the selection of the most adequate
therapy according to several factors mainly related to the physical status of the
patient and the larval stage of the parasite and its location [7]. Complicated cases
must be treated in reference centers by well-trained and experienced hepatobiliary
surgeons. This zoonosis has not yet been completely eradicated, and if affected
countries do not apply epidemiological control policies, a great amount of resources
will have to be allocated to the treatment of this illness. Cystic echinococcosis of
the liver is endemic, especially in the South of Chile [8]. For this reason, the main
theme of this chapter will be centered in topics concerning this form of hydatidosis.

2. Epidemiology

The most common form of hydatidosis is cystic echinococcosis caused by
E. granulosus; it is present in several countries around the world and represents a
major public health problem in some regions [9, 10]. It is considered endemic in
areas such as Peru, Chile, Argentina, Uruguay, southern Brazil, the Mediterranean
region, Central Asia, Western China, and East Africa [11]. Antarctica is the only
continent free of this parasitic disease, and it has also been eradicated through
efficient epidemiological control programs in Iceland, New Zealand, Tasmania,
Falkland Islands, and Cyprus [12]. This pathology affects different organs, although
the liver is the most commonly compromised, accounting for 70-75% of the cases.
Alveolar echinococcosis caused by E. multilocularis is restricted to the Northern
Hemisphere and might determine high morbidity and mortality [13]. Polycystic
echinococcosis is caused by E. vogeli and only reported in Central and South
America with low incidence rates [14]. Unicystic echinococcosis, caused by
E. oligarthrus, is extremely rare in humans, and the only localization in which it has
been reported is the orbit of the eye and the myocardium [15]. Other two species of
the genus Echinococcus, E. shiquicus [16] and E. felidis [17], are present in the Tibetan
Plateau and Africa, respectively, and there are investigations about risks of human
affectation. In the South of Chile, cystic echinococcosis is an endemic zoonosis with
an average incidence of 1.9/100,000 and a mortality rate of 0.2/100,000 inhabit-
ants. The hospital discharge rate corresponds to 6.3/100,000, and this figure rises to
28.1/100,000 in our Araucania Region [8].

3. Etiopathogeny

Hydatidosis is caused by the larval stages of taeniid cestodes of the genus
Echinococcus. There are nine species of this tapeworm currently identified, eight
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well-defined species and one genotypic cluster, that in future investigations could
be defined as one to three different species. These nine species of Echinococcus are
as follows: E. granulosus sensu stricto, E. equinus, E. ortleppi, E. multilocularis,

E. vogeli, E. oligarthrus, E. canadensis cluster, E. shiquicus, and E. felidis. Each of
them has a different life cycle, transmission routes, pathology forms of clinical
presentation, possible human affectation, different geographical location, and
biological behavior. Some of these species may affect humans, others only animals,
and in others this is still unclear [18]. For example, regarding E. shiquicus and

E. felidis, although they were known to infect only animals, there is growing appre-
hension about an eventual human affectation, and there is an ongoing research to
support this with molecular and genomic studies [19, 20]. Other species of these
parasites have exclusively wild life cycles. The study of their complex genotypic
diversity aims to successfully prevent the transmission of this infection to humans
[21]. The life cycle of these parasites starts with adult taeniid cestodes living in

the small intestine of canids or felids (definitive host). Next, the adult tapeworms
release their eggs, thus contaminating the feces, which are then ingested by
rodents, ungulates, other herbivores, and occasionally humans (intermediate
hosts). When humans are infected, the eggs reach the small intestine, and larval
oncospheres hatch, which adhere and penetrate the intestinal mucosa by using
their hooks and then migrate through the portal circulation to reach their first
fixed location in the liver (50-70% of the cases). This happens most commonly

in the right hepatic lobe due to the anatomical distribution of the portal venous
system. The lungs are affected in 20-30% of the cases and much less frequently the
spleen, kidneys, heart, muscles, bone, and central nervous system. For example,
once located in the liver, the metacestodes begin their development and growth
giving place to the formation of the hydatid cyst [22].

The anatomical structure of the cyst has an outer acellular laminated membrane
that allows the entry of nutrients from the host. Then there is the inner nucleated
germinal membrane, in which the daughter vesicles are produced. In an asexual
form, the protoscoleces are formed inside the daughter vesicles. The immunological
system of the intermediate host reacts to isolate the parasite, forming a fibrous layer
called adventitia, which can calcify with the passage of time (Figure 1A, B). The life
cycle closes when the animal’s definitive host is fed by contaminated viscera, and
each protoscolece can develop an adult tapeworm in its small intestine [23] capsules
and scolices.

Figure1.

(a) Hepatic solitary cyst, rounded, whitish external wall of uniform thickness. The cyst contains turbid liquid
color upon formalin fixation and whitish yellowish germinal and laminated layer floating within the cyst.
(b) The wall of the hydatid cyst has a laminated acellular membrane and a germinal layer with brood.
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4. Diagnosis

Currently, the diagnosis must always consider the epidemiological background.
The definitive diagnosis is reached through the use of imaging and in some cases
with the additional contribution of serology. In the near future, earlier stages of the
parasitosis will be diagnosed by means of advances in immunological tests [24, 25].

4.1 Clinical features

Humans remain asymptomatic for a prolonged period of time after being
infected due to the slow growth of the hydatid cyst in the liver (1-5 mm per year).
Small and medium cysts of central hepatic location are usually asymptomatic, or a
slight pain in the epigastrium and right hypochondrium might be reported by the
patient, together with a sensation of abdominal discomfort. Besides, the previ-
ous immune status of the patient and the anatomical location of the cyst could
determine a late manifestation of the first symptoms [26]. When the cysts grow
and reach a significant size, the mass effect on the bile tree and hepatic vasculature
determine other clinical manifestations derived from biliary obstruction, portal
hypertension, and Budd-Chiari syndrome. The magnitude of this effect will
determine different degrees of jaundice and portal hypertension, which may range
from a slight increase of bilirubinemia and the appearance of venous collaterals of
the abdominal wall to very severe jaundice, ascites, and upper digestive hemorrhage
secondary to rupture of the gastroesophageal varices [27].

4.2 Imaging

In 1981, Gharbi reported an ultrasonography classification of the hepatic
hydatidosis, describing five categories in relation to the morphological findings of
the cysts, according to their stage of evolution [28]. In 2002, based on this classifica-
tion, the World Health Organization Informal Working Group on Echinococcosis
(WHO-IWGE) formulated a new classification adding two more categories, with
the aim of guiding in the selection of the best treatment and follow-up of the
results obtained (Tables 1 and 2) [29-31]. Current imaging offers several tools to

WHO-IWGE Radiologic characteristics Definition of cyst

CL Unilocular cystic lesion with uniform anechoic content, cyst wall not Cystic lesion
visible

CE1 Unilocular cystic lesion with uniform anechoic content, cyst wall visible, Active cyst

snowflake sign

CE2 Multivesicular, multiseptated cysts, daughter cysts present, honeycomb Active cyst
sign
CE3A Unilocular cyst containing liquid with a floating membrane inside, Transitional cyst

water-lily sign

CE3B Cysts with daughter cysts in solid matrix

CE4 Cysts with heterogeneous hypoechoic or hyperechoic degenerative Inactive cyst
contents, no daughter cysts

CE5 Cysts characterized by a thick calcified wall, which is arch shaped, Inactive cyst
producing a cone-shaped shadow; degree of calcification varies from
partial to complete

Table 1.
WHO-IWGE ultrasound classification.
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WHO  Surgery PAIR Drug Suggestion Resource setting
therapy
CE1 v v <5cm ABZ PAIR Optimal
PAIR Minimal
>5cm PAIR+ALB Optimal
PAIR Minimal
CE2 v v v Other PT + ALB Optimal
Other PT Minimal
CE3a 4 4 Other PT <5cm Optimal
ABZ PAIR >5cmPAIR+ Minimal
ABZ Optimal
PAIR Minimal
CE3b v v v Non-PAIR PT + ABZ Optimal
Non-PAIR PT Minimal
CE4 Watch and wait Optimal
CE5 Watch and wait Optimal
Table 2.

Suggested stage-specific approach to uncomplicated cystic echinococcosis of the liver.

guide a better management of this disease. Usually, the imaging diagnostic begins
with the use of ultrasonography (US), and then other imaging tests could also be
used to achieve a better diagnosis of the most complex forms of parasitosis, such
as contrast-enhanced ultrasound (CEUS), computed tomography (CT), magnetic
resonance imaging (MRI), magnetic resonance cholangiography (MRC), endo-
scopic retrograde cholangiography (ERC), and conventional X-rays.

4.2.1 Ultrasonography

The US is widely used due to its low cost and high-definition images, which
allow to define the pathological characteristics of hepatic hydatid cysts and
other locations in the peritoneal cavity (Figures 2-4). It is also useful for the
differential diagnosis of hydatid cyst with other liver tumors. The use of mobile
devices allows having a portable tool for the screening of populations in endemic

Figure 2.
Cyst of solid appearance (CE4).
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Figure 3.
Heterogeneous matvix. Ball of wool sign (CE4).

Figure 4.
Calcified antevior wall of cyst. Arciform image (white arrow).

areas with high risk of affectation [30, 32, 33]. Due to the difficult differentiation
of certain forms of alveolar echinococcosis from other kinds of hepatic tumors,
CEUS is being increasingly used in certain regions with endemic affectation of
this pathology [34].

4.2.2 Computed tomography

Sometimes, the ultrasound does not help much in the diagnosis of liver hyda-
tidosis for different reasons, such as obesity, presence of abundant intestinal gas,
hydatid recurrence, or residual cavities secondary to previous surgery. When that
is the case, CT is used, taking advantage of its higher sensitivity and specificity.
Unenhanced CT allows to have a better radiological diagnosis of the different forms
of cyst calcification [33]. The contrast-enhanced CT aids in choosing the best
surgical techniques according to the different forms of presentation or complica-
tions related to the disease, e.g., by allowing a more accurate appreciation of the
involvement of the vasculature and biliary tree. CT also aids in diagnosing the cystic
migration to the thorax and the biliary tree [35, 36]. Another advantage of the use
of contrast-enhanced CT is to achieve a better differential diagnosis from other
focal liver lesions [37] (Figures 5-11A, B).
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4.2.3 Magnetic resonance imaging

MRI is useful for diagnosis of cases of cholangiohydatidosis. Compared to US
and CT, the MRI T2-weighted sequence is better at defining the internal structure
of the cyst. In general, it is indicated for patients that present difficulties when
performing ultrasound, such as bowel gas excess, previous surgeries, disseminated
hydatidosis, and obesity. In addition, MRI is recommended when CT is contraindi-
cated due to comorbidities. MRC is used to determine the existence of cysto-biliary
fistula and the presence of hydatid material in the biliary tree. It also visualizes
the cysto-biliary fistula both toward the bronchi and to the biliary tree [38, 39]
(Figures 11a, b-17).

4.2.4 Endoscopic retrograde cholangiography

The rupture of a hydatid cyst in the intrahepatic bile duct can initiate some
complications, which might become serious mainly due to the development of

Figures.
Unilocular cyst (CE1, white arrow). Detached membrane. Cyst (CE2, white star).

Figure 6.
Contrast-enhanced CT. Septated cyst (white arrow).
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Figure 7.
Daughter vesicles in mother cyst (white arrow).

Figure 8.
Coronal contrast-enhanced CT. CE3 A, water-lily sign (white arrow).

Figure 9.
Central matrix. Daughter vesicles. Cartwheel sign (white arrow).
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Figure 10.
Dome location with annular calcification (CE 5, white arrow).

HIELDD

Figure 11.
(A) US content, heterogeneous with a solid appearance (CE4). (B) In the same patient, the contrast-enhanced
CT diagnoses an unilocular hydatid cyst (CE1).

Figure 12.
MRI T2 axial. Detached membranes. Hypointense pericyst (white arrow). Water-lily sign.

cholangitis and septicemia. In these cases, the ERC provides the diagnosis and
performs the removal of hydatid material, with the objective of improving the
general conditions of the patient before carrying out the definitive surgical
treatment [40].
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Figure 13.
MRI T2 axial. Detached membranes (white star). Hydatid membranes in bile duct (white arrow).

Figure 14.
MRI covonal. Detached membranes. Bile duct with membranes (white arrow).

Figure 15.
MR cholangiography. Residual cyst membranes (white star). Cholangiohydatidosis.
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4.3 Serology

Currently, diagnosis and follow-up of patients with cystic echinococcosis are
achieved especially through imaging. Serology is used for the same purpose, using
the detection of IgG-specific antigens. However, low sensitivity and specificity rates
have been reported. In addition, false positives appear during follow-up due to the
persistence of antibodies over time. There is a lot of research (recombined proteins,
isotopic antibodies, subisotopic IgG, synthetic peptides), which seek to develop
new antibodies by means of the molecular technique, allowing a better diagnosis of
this parasitosis [41, 42].

5. Complications

Frequently, there are complications secondary to the hepatic location of the cyst
or by involvement of adjacent organs, in which case symptoms and signs of greater
intensity will appear. Among them, the following should be mentioned:

* More intense pain might appear when the Glisson capsule is stressed by larger
cysts. In these cases, an abdominal mass mobilizing together with the respira-
tory movements is visualized during the physical examination. These giant
cysts are easily visualized with the ultrasound. CT allows to define in more
detail the elevated right hemidiaphragm and the development of secondary
pulmonary basal atelectasis.

* Another complication of large cysts occurs when there is an intrahepatic
breach or rupture of the cyst to the peritoneum either spontaneously or by
trauma. The discharge of fertile hydatid fluid in the liver or peritoneal cavity
causes anaphylaxis of a different magnitude and new hydatid implants [43].
These complications are better visualized with the use of CT.

* Cyst rupture and emptying of hydatid fluid or membranes into the biliary
tree lead to obstructive jaundice, many times accompanied by severe acute
cholangitis [44, 45]. The cysts can become infected as well and determine the
formation of liver abscesses, which can sometimes lead to septicemia. In these
cases, CT and MRC allow to achieve a better definition of the characteristics
of the abscess and whether there is emptying of hydatid material into the
biliary tree.

* The chronic inflammatory process of hepatic cysts located in segments of the
liver dome determines firm adhesions to the right hemidiaphragm and even
transits toward the pleuropulmonary space. As a result of this transphrenic
transit, patients may present pleural empyemas or bronchopneumonia [46].
CT and MRC help to achieve a better definition and provide the most appropri-
ate and safe management.

* There are occasions in which large cysts may be more complicated due to the
simultaneous rupture and emptying of hydatid material to the biliary tree and
bronchi. A bilio-pleuro-bronchial fistula is established with the occurrence of
the pathognomonic sign of bilioptysis, i.e., the expectoration of the bile. These
patients present a fairly severe septic episode with hepatic and respiratory
functional compromise [47]. The thorax-abdominal CT and MRC are useful to
diagnose this complication [39].
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* Rarely, cysts located adjacent to the retrohepatic vena cava can rupture and
cause severe cardiorespiratory failure due to bilateral pulmonary arterial
embolism with multiple pulmonar hydatid dissemination [48]. In that case, a
CT angiography (CTA) is used to better diagnose this serious complication.

6. Surgical treatment

The main objective of the treatment of hepatic hydatidosis is the eradication of
the parasite and avoidance of recurrence. There is consensus, in considering surgery
as the best option to achieve this purpose. It is currently possible to perform dif-
ferent surgical techniques with acceptable rates of morbidity and mortality, which
are applied according to the pathological conditions of cysts. In cases of greater
complexity, surgery can be complemented with other therapies such as minimally
invasive procedures and chemotherapy. Surgical treatment has indications and
contraindications depending on the patient’s condition and the forms of disease
presentation [6].

At the dawn of the surgery to treat hepatic hydatidosis, only conservative
techniques were used. Among them, marsupialization consisted in the opening
and extraction of the parasite followed by externalizing the residual cavity toward
the abdominal wall, waiting for the closure by secondary intention. Cysto-
enteroanastomosis was also performed, anastomosing the hepatic residual cavity
into the duodenum or a defunctionalized jejunal loop. Currently, these conserva-
tive techniques are not indicated due to the high risk of complications such as
recurrences, liver abscesses, intestinal obstruction, biliary fistulas, biliomas,
biliary peritonitis, cholangitis, and septicemia. However, there are surgical centers
that report good results in cases with large cysts treated by laparoscopic cystojeju-
nostomy [49].

There are various procedures of resective surgery performed in different
surgical centers. When indicated, it is necessary to consider age, general condition
of the patient, pathological state of the cysts and location in other organs, and the
existence of important comorbidities difficult to control. Despite being a benign
pathology, its evolution can sometimes be very complicated, requiring multiple sur-
geries and leading to a poor prognosis. The surgical resections are performed either
through open or laparoscopic surgery. The following are the most used techniques
from least to greatest complexity.

6.1 Subtotal cystectomy by open surgery

This technique, performed by open surgery, follows the steps below according to
the location of the cysts (Figures 18-21):

* Right or bilateral subcostal laparotomy.

* In order to obtain a good access to the cyst, the section of the round ligament
and the dissection of adhesions to the diaphragm or adjacent organs might be
required. The use of intraoperative ultrasound is useful in posterior and central
cyst locations, to avoid injuring the retrohepatic cava vein or hepatic veins.

* During puncture and removal of the fluid and hydatid membrane, it is neces-

sary to isolate the surgical field with compresses embedded in scolicidal agents
(20% hypertonic saline solution or diluted povidone iodine).
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Figure 16.
MRI T2 coronal septated cysts. Multiple daughter vesicles (white star). Membranes in bile duct (white arrow).

Figure 17.
MR cholangiography. Same findings as demonstrated in Figure 15.
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Wide resection of the adventitia and further revision to eliminate daughter
vesicles in cavities located in the remaining adventitia.

Identification and suture of biliary communications.
Closure of the residual cavity by means of capitonnage or omentoplasty. In giant
cysts, capitonnage is not recommended to avoid distortion of the biliary tree

and intrahepatic vasculature with subsequent functional sequelae.

In some cases, to prevent postoperative biliary fistulae, a drain is placed in the
residual cavity, or a choledocostomy with a Kehr tube is performed.

When the cyst s close to the main bile duct or to the subhepatic and cava vein, the
adjacent adventitia should be left in situ to prevent biliary fistulae or bleedings.
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Figure 18.
Open surgery. Multiple cysts (yellow arrow).

Figure 19.
Hepatic mobilization. Subcostal laparotomy.

Figure 20.
Open surgery. Subtotal cystectomy biliary communications (yellow arrow).

6.2 Laparoscopic subtotal cystectomy

Laparoscopic subtotal hepatic cystectomy has all the advantages of minimally
invasive procedures (Figures 22-24). It offers magnified vision with better appre-
ciation of the cyst, residual cavity, and biliary communications. In addition, it pres-
ents less postoperative pain and earlier discharge. Comparative studies are reported
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Figure 21.
Subtotal cystectomy. Giant hydatid cyst. Retrohepatic cava vein (yellow-dotted arrow).

Figure 22.
Laparoscopic subtotal pericystectomy. Dissection of diaphragm adhesion.

Figure 23.
Protection of the surgical field, iodine povidone.

between the two techniques, and the future trend seems to prefer laparoscopic
technique [50]. However, technical difficulties currently persist to avoid the spillage
of fertile hydatid material into the peritoneal cavity with anaphylactic reactions and
secondary hydatid implants. For this reason, and to prevent this complication and
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Figure 24.
Partial vesection of adventitia.

a possible uncontrollable bleeding, the laparoscopic approach is contraindicated in
the following situations:

Cyst diameter more than 10 cm

More than three cysts and/or presence of peritoneal cysts or in other organs

Very thin or calcified adventitia

Cysts located in the dome and central locations of the liver

* Complicated cysts with rupture and emptying on the biliary tree or
peritoneum

* Imaging signs of accentuated pericystic inflammation

* Cysts with fibrous adhesions to the diaphragm on the way to a thoracic
migration

Following the rules of laparoscopic liver surgery, the location of the entrance
ports depends on the anatomical location of the cysts. To prevent the spillage of
hydatid material into the peritoneal cavity, it is necessary to have a good puncture
and aspiration system, similar to Perforator-Grinder [51].

6.3 Pericystectomy

Open or laparoscopic pericystectomy is based on the concept of complete parasite
removal. This technique consists of resecting the cyst by a plane through the hepatic
parenchyma adjacent to the adventitia, thus achieving avoidance of recurrence due
to the presence of daughter vesicles in the adventitia or in the surrounding hepatic
parenchyma [52]. In cases of complicated cysts, pericystectomy is not recommended
due to the risk of further bleeding or bile duct injuries. Previous radiological studies
are crucial to determine the relationship of these structures with the cysts. Currently,
laparoscopic pericystectomy helps to prevent the aforementioned risks thanks to its
magnified vision, more efficient hepatic transection instruments, and widespread
access (Figure 25). Well-trained surgeons in laparoscopic hepatic surgery have a
better chance of successfully performing this technique [53].
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Figure 25.
Steps of laparoscopic pericystectomy.

6.4 Hepatic resection

Sometimes it is necessary to carry out liver resections, e.g., when there are hydatid
recurrences in the same lobe previously operated or in residual cavities, which have the
risk of subsequent infection with development of liver abscesses and cholangitis. When
the infection is controlled by antibiotic therapy or percutaneous drainages, it is recom-
mended to resect the compromised lobe, which is usually more atrophic. This surgery
will be consequently more laborious. Nevertheless, the compensatory hypertrophy of
the unaffected lobe determines a lower risk of postoperative hepatic failure. With the
aim of completely eradicating the parasite and preventing recurrence, several surgi-
cal centers perform hepatic resection more frequently by both open and laparoscopic
surgeries with acceptable morbidity and very low mortality. Liver resection is more
indicated in alveolar echinococcosis by higher frequency of recurrence and infiltrative
behavior similar to malignant neoplasms. There are recent reports of liver transplanta-
tion and also ex vivo resection surgery with autotransplantation for this type of echino-
coccosis [54]. Summarizing, hepatic resection, not very used in the past, now appears as
aviable alternative for selected cases carried out in specialized reference centers.

The morbidity of resective surgery depends on the complexity of the hydatidosis
and the magnitude of the surgery performed. Among the most difficult to treat are
biliary fistulas, bleeding, and infections. For example, for patients with fistulization
of the cyst toward the bile duct and thorax, it is advisable to work in stages, e.g.,
treating cholangitis first, and then, when the patient is stabilized, a pleural empy-
ema is drained. Once general conditions have been recovered, the resective surgery
isindicated. In relation to morbidity and mortality rates, what has been reported so
far shows a great disparity of figures. A surgeon from our university conducted a
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study of the risk factors that determine the postoperative morbidity in a significant
number of international publications. The results indicate a fairly low level of
evidence [55]. The challenge is to perform a prospective series, to achieve consensus
on the indications of surgery to treat this complex disease.

7. Percutaneous treatment

This therapy is carried out by means of puncture, aspiration, injection of scolici-
dal agents, and reaspiration of fluid and hydatid membranes (PAIR). The procedure
is performed under ultrasonographic guidance in selected cases. This procedure was
developed by a Tunisian team in 1986. The WHO recommends this procedure
because it is less invasive when compared to surgery, allows a good evacuation of the
parasite, reduces the time of hospitalization, and is less expensive. The following
guidelines contain indications and contraindications for this procedure (Tables 3
and 4) [56]. It is necessary to have anesthesiological support to treat an eventual
anaphylaxis crisis due to hydatid fluid spillage while PAIR is performed [57].

1. Non-echoic lesion 5 cm in diameter

2. Cysts with daughter cysts and/or membrane detachment

3. Multiple cysts if accessible to puncture

4. Infected cysts

5. Patients who fail to respond to chemotherapy alone

6. Patients in whom surgery is contraindicated

7. Patient who refuse surgery

8. Patients who relapse after surgery

9. Children >3 years old

10. Pregnant women

Table 3.
Indications for PAIR.

1. Noncooperative patient

2. Inaccessible or risky location of the liver cyst

3. Cyst in the spine, brain, and/or heart

4. Inactive or calcified lesion

5. Cyst communicating with the biliary tree

Table 4.
Contraindications for PAIR.

8. Chemotherapy

The use of treatments with drugs capable of penetrating and collapsing hepatic
hydatid cysts is reported in numerous publications. These drugs are prescribed alone or
together with surgery and less-invasive therapies such as PAIR. Currently, albendazole
has shown effectiveness in reducing the size or even causing the death of the parasite.
For this reason, it is employed to prevent recurrence after surgery. It is also used as the
only therapy in patients who refuse surgery or who are inoperable due to disseminated
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hydatidosis or because of other comorbidities [58]. In Chile, it is indicated preopera-
tively in doses of 10 mg/kg of weight for one cycle of 14 or 21 days and postoperatively
from one to three cycles according to eventual appearance of hepatic dysfunction.

9. Conclusion

Hepatic hydatidosis is still a disease that spreads without epidemiological control
in many parts of the world. Also, a continuous biological adaptation of the parasite
to subsist in the intermediate host has been demonstrated, which would explain
the great difficulties in eradicating this zoonosis. The permanent and even increas-
ing incidence of this disease determines very high health costs necessary to treat
patients, sometimes with complex pathological presentations. Efforts are being
made to find new alternatives to diagnose early stages of the parasitosis. The creation
of new vaccines with the intention of immunizing the intermediate host would
determine a better control of human hydatidosis. Surgical advances are allowing for
more and more radical surgical procedures with acceptable rates of morbidity and
mortality. However, the implementation of minimally invasive surgeries presents
significantly higher costs. Logic would dictate that the best path is to minimize the
number of new patients affected through successful epidemiological control.
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Abstract

To date, the improvements in survival of patients with liver metastases and
advances in technology allowed the surgical indications to be extended. In complex
cases, however, the possibility of performing a curative hepatic resection collides
with the need to preserve a sufficient liver volume to avoid a postoperative hepatic
failure. Currently postoperative liver failure is the major cause of death for these
patients. In the attempt to overcome this limit in the last decades, we tried to
introduce new measures and develop new surgical techniques. From the introduc-
tion by Makuuchi in the 1980s of the preoperative portal embolization, many
surgical techniques have been proposed and perfected. The aim of this chapter is
to describe the new surgical techniques for the approach of complex hepatic
metastases.

Keywords: hepatic liver metastases, hepatectomy, liver failure,
two-stage hepatectomy, ALPPS

1. Introduction

In the recent decades, the improvement of technology associated with a refine-
ment of preoperative imaging allowed to expand surgical indications, leading to
treat patients until a few years ago judged unresectable. These improvements have
made major liver surgery more feasible and sure with a clean reduction of morbidity
and mortality rate. Today after major hepatectomy, mortality ranges from 0.5 and
4%, making surgery a therapeutic option even in case of advanced disease.

Beyond the extension of surgical indications, the pivotal point remains the
possibility to perform a curative resection (R0). Unfortunately, situations such as
chronic liver diseases or an extensive disease do not let to achieve a radical resection
for the inability to maintain a suitable remnant liver after resection for an adequate
postoperative function. Nowadays this is the limits to overcome.

At the current state of knowledge, the future liver remnant (FLR) estimated
before surgical resection should be more of 25% of the total liver volume in patients
without hepatic disease and of around 40% in the patients with history of liver
pathologies (viral chronic hepatitis, alcoholic, nonalcoholic steatohepatitis (NASH),
chemotherapeutic damage).
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An effective and safe surgery can only be achieved with a perfect knowledge of
the surgical anatomy. This anatomy corresponds to a functional liver vascular
distribution based on the concept of the anatomical division of the liver proposed by
Claude Couinaud, Ton That Tung, and Henri Bismuth, which divides the liver into
independent portions that can be handled separately without compromising the
function of the remnant liver.

Unfortunately, today it is not uncommon to evaluate patients at the first
instance inoperable due to the disseminated hepatic spread. The research of new
surgical strategies to effectively extend the number of liver resections and the
concept of “resectability” were one of the biggest challenges in oncologic surgery
over the last 30 years.

To overcome this limit, new surgical techniques have been proposed with the
clear intention of promoting liver regeneration by modifying the procedures first
performed in a single procedure in more steps. Moreover in the case of large and
complex surgical resections, an accurate study of the liver is recommended to
evaluate the postoperative functional reserve with a volumetric and functional
assessment (clearance of indocyanine green, scintigraphy, CT, MR).

Laboratory tests on animals and clinical data showed that the closure of portal
flow toward a hemiliver induces contralateral lobe hypertrophy. Portal flow redis-
tribution can be achieved with surgical ligation (PVL) or percutaneous emboliza-
tion (portal vein embolization (PVE)). The purpose of PVE is to increase
preoperatively the volume of the future remnant liver to allow the surgery and
reduce postoperative morbidity, when the only contraindication to surgery is
represented by the initial insufficient remnant liver. The first to propose this tech-
nique in the 1980s was Makuuchi, and since then huge progress has been made.
Makuuchi and his group [1] first used this technique in 14 patients with cholangio-
carcinoma to minimize the possibility of postoperative hepatic dysfunction. The
results obtained were encouraging without showing major complications and being
able to perform surgical resection in 85% of patients in a timing from 4 to 41 days
after embolization.

The experience of Makuuchi marked a crossroad for the birth of a new surgical
attitude to approach extended right-side hepatectomy, in fact the procedure was
shortly adopted by several surgeons [2-4].

Once the new technique was universally accepted, some surgeons proposed
during the next decade a technical progress describing a sequential surgical proce-
dure called “two-stage hepatectomy (TSH)” [5]. To achieve the goal of radical
resection in patients with colorectal hepatic metastases, the authors outline a previ-
ously therapeutic approach [6]. A procedure includes a first surgical step in which
the removal of the lesions of the left lobe associated with the closure of the right
portal branch is performed. Liver hypertrophy associated with chemotherapy limits
the growth and spread of residual lesions and then allows the patients to undergo
surgery in the absence of disease progression and in the presence of a residual
volume adequate to prevent postoperative hepatic failure. The feasibility of the
procedure was 81% with a mortality rate of 15% for the second stage. At the
beginning the technique did not provide for all patients portal embolization, and
then the routine use of the latter led to a higher rate of hypertrophy and therefore
with a greater rate of patient treated with curative intent [7]. Although the first
results were encouraging, the drawback of TSH led to the impossibility of achieving
sufficient hypertrophy in an acceptable time to avoid a progression of the disease
that in some studies did not allow up to 28% of treated patients to undergo second
surgical phase [8]. The reasons of technique failure were due to disease progression
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inherent to long time to reach the proper hypertrophy or the impossibility to
achieve the desired liver hypertrophy in consideration of the unsuitable size of the
remnant liver.

In the attempt to overcome these limits, in 2012 Schnitzbauer [9] proposed a new
surgical approach, named subsequently by Santibanes [10] “associating liver partition
and portal vein ligation for staged hepatectomy (ALPPS).” The procedure involves
the separation of the future remnant liver from diseased liver through “split” in situ
of the hepatic parenchyma in combination with ligation of the portal vein during
the first phase. Schnitzbauer [9] reported a hypertrophy of the remnant liver
achieved in a very short time (average future remnant liver hypertrophy of 74% in
about 9 days). The mechanism by which ALPPS leads to such a dramatic increase
in hepatic hypertrophy compared to PVE still needs to be fully clarified. Initially it
was thought that the stimulus to hypertrophy was related to the cessation of blood
flow between the diseased segments and the FLR, but some authors have subse-
quently reported how step I in ALPPS leads to an increase in levels of interleukin-6
and tumor necrosis factor-u in liver tissue 1 hour after the procedure compared to
PVL [11]. Therefore, rapid hypertrophy could be associated with a systemic increase
in circulating growth factors as an inflammatory reaction to parenchymal split.

Beyond the first promising results, the high complication rate (44%) with a
mortality of 12% described by Schnitzbauer led to several questions about the role
and indications of the technique in the surgical community. The subsequent expe-
dients to the original technique and the proposal of more restrictive indications
based on practice have led to a significant reduction of the postoperative
morbidity and mortality rate. In fact the results of the most recent ALPPS register
report more encouraging data, with a 90-day mortality of 9% and serious
complications of 27% [12].

Since its introduction until today, under the term ALPPS, many variations and
adaptations of the original technique are grouped. The common thread of all these
variants is to try to reduce morbidity and mortality while maintaining an adequate
hypertrophy response from the liver.

The purpose of the chapter is to analyze which surgical techniques, to date, can
be performed in the presence of diffuse liver metastases.

2. Liver failure

Within this context of extended resection, postoperative liver failure remains a
real concern. The term “small for size syndrome” (SFSS) has been first used in liver
transplantation to describe the development of acute liver failure, situation in which
the donor’s liver was too small for the given recipient. Few years later, Dahm [13]
proposed a systematic definition of SFSS. Small for size syndrome was defined as
the presence of two of the following criteria in the first three postoperative days:
serum bilirubin >6 mg/dL, international normalized ratio (INR) > 2, and the pres-
ence of encephalopathy grade III/IV.

As in liver transplantation, the extension of surgical indications in the presence
of bilobar metastases led to the concept of post-hepatectomy liver failure (PHLF).
PHLF is a clinical manifestation that occurs when the remnant liver is not sufficient
to provide for metabolic demand. To predict early mortality after extensive hepa-
tectomy in 2005, Balzan [14] proposed that the persistence of either PT < 50% or a
serum bilirubin >3 mg/dL on 5 postoperative days is to be considered a predictive
mortality index and indicates PHLF. The result of the study demonstrated that the
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conjunction of these two values on 5 postoperative days could predict nearly 100%
morbidity rate and 50% mortality rate.

Recently the International Study Group for Liver Surgery (ISGLS) [15] has
proposed to define PHLF as a “postoperatively acquired deterioration in the ability
of the liver to maintain its synthetic, excretory, and detoxifying functions, charac-
terized by an increased INR and concomitant hyperbilirubinemia on or after post-
operative five days.”

PHLF incidence ranges from 0 to 2% after resection of a healthy liver but can
reach 7% after major hepatectomy. Cirrhotic liver may exceed 30% [16]. PHLF is
the main cause of mortality after extensive hepatic resection, and it may occur even
after the 30th postoperative days [17]. In the last decades, surgical techniques in the
field of hepatic surgery have focus their attention to develop and implement a series
of tools to induce hypertrophy in the future remnant liver to overcome this long-
standing problem.

2.1 Two-stage hepatectomy (TSH)

Patients with disseminated and large liver cancers are one of the major surgical
challenges; two-stage hepatectomy with PVE or PVL, associated by subsequent
hepatectomy, can represent a solution to this dilemma [7].

In the late 1990s, the studies of Bismuth [6] and Azoulay [18] had highlighted
how patients with initially unresectable colorectal liver metastases could benefit by
the use of PVE associated with neoadjuvant chemotherapy. Preoperative treatment
led patients to surgery with survival benefits comparable to those obtained with
primary liver resection (40% patients alive at 5 years).

Whereas not all patients with intrahepatic multinodular liver disease undergoing
portal vein embolization were able to achieve curative surgery, approximately
20 years ago, Adam et al. [5] proposed a new surgical strategy with a possible
curative intent: two-stage hepatectomy “TI'SH.” They modified this practice by
introducing an initial stage in which in addition to the ligation or portal emboliza-
tion were surgically removed the highest number of metastases but not all of them.
The hepatic hypertrophy and chemotherapy limiting the metastatic diffusion
allowed to perform a second stage for curative purposes reducing the risk of post-
operative hepatic failure (Figure 1). They were the first to report the results of TSH
in terms of feasibility, risks, and patient outcome. The rate of completion of the
procedure was 81% with a survival of 35% at 3 years. The risks related to the
procedure were inherent in the possible tumor progression between the two stages.
But the survival benefit of treated versus untreated patients exceeded methodical
risks. The authors reported a mortality rate of 15% comparable to that of patients
undergoing primary resection during the same period.

Currently TSH is indicated for multiple colorectal liver lesions judged
unresectable in the first instance. As mentioned above the technique provides a first
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Figure 1.
Two-stage hepatectomy (surgical steps).
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stage in which the future remnant liver (usually the left lobe) is surgically or by
ablation reclaimed. The first step also provides the execution of PVL or PVE. Portal
occlusion stimulates liver regeneration as the possible growth of occult metastases
in the remnant liver. In fact the possible progression of disease is the main cause
that can prevent the completion of the second surgical phase.

The success of the surgical procedure is closely related to liver regeneration
between the two procedures, which avoids the possible risk of postoperative liver
failure. The rate of liver regeneration is normally assessed through the execution of
a CT scan between 30 and 50 days after the portal occlusion. Although portal
occlusion leads to a higher rate than 40% of liver regeneration, it is not always
possible to reach the second stage of treatment [19]. Disease progression and insuf-
ficient liver regeneration are the main causes leading to a failure of the treatment
that ranges from 22-28% [20]. Patients who do not undergo the second stage have
an extreme unfavorable prognosis compared to patients who complete the treat-
ment. Three and five survival rates were 68% and 49%, respectively, for patients
who underwent second-stage resection and 6 and 0%, respectively, for patients who
did not [21, 22]. Patients enrolled to the second surgery have a median overall
survival of 36 months [23]; these outcomes are comparable with those patients with
resectable colorectal liver metastases at the diagnosis [24-26]. With regard to mor-
bidity and mortality after the first and second stage, in a recent study, Passot [21]
reported a morbidity rate of 26% for the second stage compared to 6% of the first.
Instead the postoperative mortality at 90 days after the second surgery is around
7%, which is halved compared to the data reported by the first studies.

Considering the technique feasible in selected patients with acceptable morbid-
ity and mortality rates, are there selection criteria to select patients? Interesting in
this regard is the paper of Narita [27] which stated that the presence of three or
more metastases in the FLR can be considered a negative prognostic factor. A high
number of metastases in the remnant liver is correlated to an increased possibility of
disease progression during the two surgical stages and may encourage the appear-
ance of “de novo” metastases.

A possible explanation of disease progression, which manifests itself from 13 to
35% of patients [27, 28], is given by numerous experimental studies which
suggested that a hypoxia-induced alteration of tumor microenvironment leads to
an increased production of vascular endothelial growth factors (VEGF), which
can stimulate beyond liver regeneration the growth of dormant
micrometastases [22, 29].

The technique, today, should be considered in selected patients with bilobar
colorectal liver metastases in whom a right hepatectomy would leave more than
three metastases or any metastases of >3 cm in the FLR [30].

Chemotherapy has a key role in the success of sequential treatment. The objec-
tive response to preoperative chemotherapy has been shown to be a strong predic-
tor of survival after resection for colorectal liver metastases [31]. Modern
chemotherapy regimens using a combination of multiple drugs (5-fluorouracil,
oxaliplatin, irinotecan) have achieved really satisfactory results. Some new biologi-
cal agents such as bevacizumab and cetuximab promise to lead to better results [32].
Although the effectiveness of chemotherapy and its execution should be considered
as mandatory for a successful surgical treatment, its use is not without risk. Hepatic
chemotherapy damage expressed in terms of liver steatosis and increased postoper-
ative bleeding should be considered when planning an extensive hepatic resection
[27, 33]. In fact, several studies have shown an increase in mortality in patients
undergoing preoperative chemotherapy.

In conclusion TSH can be considered in selected patients a standard surgical
procedure in the treatment of diffuse liver metastases with an acceptable mortality
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rate. In this regard in fact, a recent study of Baumgart [34] reported a postoperative
30th mortality rate of 0% after the TSH second stage. On the contrary the rate of
completion of the procedure expected at best to be about 80% associated with an
insufficient liver generation reported in some studies [35, 36] can be considered a
technical limit. In combination with failure to achieve an adequate residual liver
volume, disease progression related to the long time needed to achieve liver regen-
eration may be considered the additional limitations of the surgical procedure.

2.2 Associating liver partition and portal vein ligation for two-staged
hepatectomy (ALPPS)

Associating liver partition and portal vein ligation for two-staged hepatectomy
(ALPPS) is a surgical procedure recently introduced in hepatobiliary surgery [9, 10]
which consists of the association, during an initial surgical time, of ligation of the
right portal vein and transection of the hepatic parenchyma in order to induce a rate
of residual liver hypertrophy more marked in a shorter time interval than the
standard techniques (PVE, TSH), and it represented a novel concept and one of the
most promising advances in oncological liver surgery.

The technique, initially described in a single patient with perihilar cholangio-
carcinoma and subsequently tested in a series of patients with diffuse colorectal
liver metastases, involves two separate surgical stages. The new approach described
by Schnitzbauer [9] in 2012 combines in situ split of the liver usually between the
left lateral sector and segment IV°® with ligation of the right portal branch followed
by a right or extended right hepatectomy. The removal of the liver metastases in
the left lateral sector can be included in the first surgical stage (Figure 2a, b).

A significant increase in FLR was obtained about 1 week after the first operation,
and in 2 weeks in healthy livers the maximum peak of regeneration is achieved [37].
Schnitzbauer [9] observed features of hepatocyte apoptosis in the diseased liver and
enhanced markers of hepatocyte proliferation in the remnant liver. Although the
precise pathophysiologic mechanism by which this spectacular liver regenerative
response occurs has not yet been clarified in detail, it is thought that the inflamma-
tory response due to the portal ligature associated with the complete hepatic tran-
section, which does not allow cross portal circulation between the two parts of the
liver, is the basis of this regenerative response. The benefits of rapid liver regener-
ation are clear enough to allow the surgeon to complete the procedure in a shorter
time than previous techniques, reducing the risk of possible progression of disease.
Furthermore the advantages are expressed in a shorter period of postoperative
hospital stay for the patient, and from the technical point of view, the surgeons may
be faced with a lower number of postoperative adhesions performing less compli-
cated operations [10].

From the first description of the ALPPS some technical measures have been
introduced. To minimize the possibility of biliary leaks on the surface of the disease
liver, due to ischemia, surgeons placed the latter in a plastic bag with a drain inside;
a catheter was also placed inside the cystic duct to perform a hydraulic test to
highlight any biliary leak in the FLR. They performed, moreover, a portal pedicle
lymphadenectomy, not only for oncological reasons but also for a better identifica-
tion of the hilar structures and portal vein ligation. To facilitate the identification of
hepatic veins, hepatic artery, and portal pedicle at the time of the second operation,
they routinely encircled them with a strong black silk [10]. This new approach
allowed to lead to surgical treatment patients with widespread disease judged
unresectable with the previous techniques.

Beyond the initial enthusiasm for the new surgical procedure, to the detriment
of the latter, the high mortality rate reported in the paper of Schnitzbauer [9]
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Figure 2.
ALPPS surgical technique ((a) Removal of the left liver metastases, (b) Parenchymal transection and right
portal branch ligation, step 1; (c) Liver hypertrophy and parenchymal transection, step 2).

generated several controversies in the surgical community. In fact Schnitzbauer
reported a mortality rate of 12% and a morbidity rate of close to 50%.

Over the following years, the technique has been refined trying to better clarify
the indications and the various clinical scenarios, leading to steady improvements
in safety.

During the 12th Biennial Congress of the European-African Hepato-Pancreato-
Biliary Association, in the 10th ALPPS anniversary, some experts discussed indica-
tions, management, mechanisms of regeneration, and the pitfalls of the new
technique [38].

First of all surgeons emphasized how an accurate knowledge of the vascular liver
anatomy (especially that pertaining to the IV°® segment [39]) was fundamental to
avoid iatrogenic vascular damage resulting in failure of the procedure. It is neces-
sary to assess liver function in addition to volume to avoid liver postoperative
failure that occurred in 14 and 30% after stages 1 and 2, respectively [40]. The
discrepancy between liver volume increases (up to 200%), and the high rate of liver
failure may be attributed to a lack of maturity of the regenerating hepatocytes [41].

To obtain a proper functional study providing quantitative and visual informa-
tion of the various regional hepatic districts, scintigraphy using **™Tc-labeled
iminodiacetic acid derivatives should be performed. It provides a regional measure
of the function of FLR. The use of scintigraphy for timing of stage 2 in ALPPS was
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compared with CT volumetry in 60 patients completing ALPPS in six centers. The
results showed that often volumetry overestimated liver function [42].

Some technical aspects to improve ALPPS morbidity have been investigated in
the last years. Interesting are the results of some studies on animal models that have
evidenced as the reduction up to a minimum of 50% of the hepatic transection led
to a rate of regeneration comparable to the complete transection of the parenchyma
[43]. Partial transection offers comparable FLR hypertrophy but significantly lower
morbidity, when compared with total transection (38.1 vs. 88.9%) and near-zero
mortality [44].

Recent studies indicated that the presence of complications after phase 1 is to be
considered predictive of mortality after phase 2 [40]. So during the interstage, the
occurrence of complications is to be decisive for the outcome after ALPPS. In this
respect some limitations in patient selection should be considered: in patients over
65 years of age or with biliary primary disease with associated cholestasis, the
procedure should be contraindicated [43]. International ALPPS registry counts only
11 patients in whom the procedure has been performed for perihilar cholangio-
carcinoma without obtaining encouraging results (90th mortality of 27%) [45].
Most recently, biliary tumors and elevated serum bilirubin (pre-stage 2) were
identified as predictors of futile outcome after ALPPS [43].

With regard to the possible indication of ALPPS for hepatocellular carcinoma,
although the liver’s regenerative capacity is certainly less than a healthy liver [12],
some group experience showed that ALPPS remains a possible approach to
achieving an adequate FLR in patients with hepatitis-related hepatocellular
carcinoma [46].

Colorectal liver metastases represent the main indications of ALPPS. Currently
the mortality of the procedure in patients with colorectal liver metastases stands at
5% with a survival rate at 3 years around 50% [34, 47]. Although the recurrence rate
compared to traditional surgery for colorectal liver metastases is high (only 13% of
3-year-old patients are disease-free), ALPPS is a surgical option for these patients
otherwise unresectable.

As already mentioned the technique has undergone several modifications since
its introduction focused on an attempt to reduce the complications and mortality of
the “classic” ALPPS.

The proposed new technical variations have focused their attention on first-
stage spitting of the liver parenchyma, on the use of ALPPS for salvage or rescue
after TSH, as regard to prevent ischemia of segment IV°, on specific operative
maneuvers (Pringle, hanging, anterior approach), on the use of laparoscopic
approach at either stage, and on the methods to prevent and identify biliary
complications and in the number and position of segments resected [48].

With the term “partial” ALPPS (Figure 3a-d), some authors [44, 49] described
modification, which provided for the partial transection of the entire transection
surface. The latter was carried out from 50-80% of the surface area. The authors
reported no difference in liver hypertrophy between partial and full parenchymal
splitting (60% vs. 61% median FLR hypertrophy), but a much greater morbidity
after the first stage was reported when a full parenchymal split was used.

Associating liver tourniquet and portal ligation for staged hepatectomy (ALTPS).
This technique reported in three studies [50-52] provided the positioning of a
tourniquet around the future line of transection to ensure a parenchymal compres-
sion without having to perform the parenchyma splitting. The authors reported a
median FLR growth of 61% over 7 days and a morbidity of 27 and 36% for stage 1
and stage 2, respectively. But a mortality rate of 9% in their series did not reflect a
real improvement in terms of the patient’s safety. An additional variation indicated
with the name of “sequential” ALTPS was proposed by Robles Campos [50]. Unlike
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Figure 3.
Surgical steps of laparoscopic “partial ALLPS.” (a) Isolation of the right portal branch. (b) Closing of the right
portal branch with Hem-o-lock. (c¢) Demarcation of the section line. (d) Parenchymal transection.

the previous, they did not provide the portal ligature but the execution of portal
embolization in the fourth postoperative days. The authors hypothesized that the
delayed cessation of blood flow may be related to a decreased impact and severity of
venous congestion in the FLR, possibly attenuating the risk of postoperative

liver failure.

Conversion to ALPPS appears successful after both PVE and PVL with accept-
able clinical outcomes. No differences in major complications showed by Truant
[53] in patients who had no PVE before an in situ split.

There are also various technical measures proposed to avoid ischemia and the
possible infectious risk at the level of IV® segment, recognized as one of the main
causes of morbidity and mortality during the execution of ALPPS. Systematic use of
antibiotic therapy has been proposed, partial transection was indicated with the role
of generating less ischemic damage [54], and in addition, segment IV°® has been
resected [55]. Moreover some authors advise to minimize the surgical manipulation
of the hepatic hilum to avoid hard surgical adhesions and to minimize the tumor
progression during the second phase by means of an anterior approach or Pringle
maneuver [46].

Laparoscopic ALPPS has been successfully performed both for two stages. At the
expense of an increase in technical difficulty, fewer surgical adhesions were
described during the second phase [56]. Although the number of patients treated is
very limited, some series report 0% of mortality rate with no major complications
and with postoperative hospital stay shorter than the open technique [57]. These
results indicate that laparoscopic ALPPS is feasible and it is not inferior to the
open approach.

“Hybrid” ALPPS. The technique consists of three main steps [58]: a surgical
exploration with the parenchymal split in situ using the anterior approach, the
execution of portal embolization using interventional radiology techniques, and
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right hepatectomy during the second surgical phase. Special care should be taken
not to dissect the right hepatoduodenal ligament, and right liver mobilization
should not be performed. The technique involves less manipulation to allow more
accurate dissection and a greater oncological effectiveness during the second phase
of the procedure. This approach was proposed for tumors involving biliary conflu-
ence, but although the technique is considered feasible, long-term survival data are
still lacking.

Minimally invasive laparoscopic microwave ablation and portal vein ligation for
staged hepatectomy (LAPS). On the basis that treatment with microwave thermal
ablation/coagulation (MWA) represents a safe and effective treatment option for
primary and metastatic liver malignancy, Gringeri [59] developed a novel ALPPS
variation associating minimally invasive laparoscopic PVL and MWA on the future
transection plane without in situ splitting. This allowed complete and satisfactory
hypertrophy of the nonoccluded FLR (avoiding the development of porto-portal
shunts) and an easier second step (liver resection) in a patient with hepatocellular
carcinoma. With the use of intraoperative laparoscopic ultrasound guidance, the
future transection plane was identified and marked with monopolar cautery. MWA
antenna was then infixed into the parenchyma, positioning it at the right of the
transection plane, applying a 5-minute ablation cycle. This maneuver was repeated
step by step every 3 cm, proceeding from the inferior liver margin to the
suprahepatic veins. This technique creates an avascular separation and a necrotic
groove between the cancer and the FRL in the future transection plane.

Radiofrequency-assisted liver partition with portal vein ligation (RALPP). This
technique first described by Gall [60] uses a radiofrequency ablation device to
create a line of coagulative necrosis in the hepatic parenchyma instead of physical
transection. In experimental study in animals, the procedure has also been
performed percutaneously (percutaneous radiofrequency-assisted liver pavtition with
portal vein ligation (PRALPPS)) [61].

Although there are still no data on the long-term outcome, as all surgical tech-
niques developed in recent years, they appear to be feasible, inducing a sufficient
hepatic hypertrophy with a lower rate of complications. Their execution, however,
remains limited to highly specialized centers in liver surgery.

3. Conclusion

The improvement of surgical techniques made resectable, in selected cases,
patients with disseminated liver disease, but the treatment of bilobar liver metasta-
ses still remains a surgical challenge. The achievement of an adequate residual liver
volume to avoid postoperative liver failure was a key point of the procedures
developed in recent decades. Since their birth TSH and ALLPS have undergone
several changes in the attempt to reduce the rate of morbidity and mortality, and
giant steps have been taken. The future of this surgery will be surely full of further
innovations and encouraging for hepatobiliary surgeons, never forgetting that a
justified nonoperative approach will always be less invasive than the least invasive
surgical approach.
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Management of Patients with
Liver Transplantation in ICU
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Abstract

Liver transplantation constitutes the most effective and indispensable treatment
of end-stage liver disease (ESLD). Major advances in surgical techniques, anesthe-
siological management, postoperative care, immunosuppression, and diagnostic
approach have led to increased overall survival of patients. Postoperative care poses a
great challenge since detrimental occurrences that need prompt treatment may affect
the graft or distant organ functionality. Adequate graft function is strongly associated
with distant organ restoration and rapid patient recovery. In the ICU setting, the main
focal points are hemodynamic stabilization, coagulation and electrolyte disturbances
correction, respiratory support, early weaning from mechanical ventilation, and
evaluation of graft functionality. It is of paramount importance to facilitate early graft
recovery, recognize and promptly treat systematic complications and life-threatening
sequelae, and individualize treatment protocols considering graft quality, donor’s and
recipient’s health status, and potential co-morbidities. To achieve those goals, techno-
logical advancements in continuous patient monitoring, graft functionality, and its
metabolic reserves must be assimilated and implemented in the ICU.

Keywords: liver transplantation, post-liver transplantation intensive care,
immediate postoperative management, complications, infections prophylaxis,
early postoperative complications

1. Introduction

In the past years, liver transplantation (LT) has made leaps and evolved from an
endeavor in specialized centers to a worldwide definitive and gold standard treat-
ment of the end-stage liver disease (ESLD), acute liver failure, and various cancer
types [1, 2].

The advances in perioperative management, including the improvement of
surgical techniques, preservation solutions, perioperative management, and
monitoring, as well as advances in immunosuppression and postoperative care have
led not only to an increased number of transplantations but also to better outcomes
[2]. According to recent studies in the United Kingdom, the 1- and 5-year survival
rate for liver transplant recipients has reached 92 and 80%, respectively [3].
However, there are still certain challenges in LT. Scarcity of allografts and dispar-
ity between supply and demand has led the transplantation community to expand
the donor pool by utilizing split grafts, allografts from living donors after cardiac
death and including marginal donors of older age and with extended steatosis [4].
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Additionally, recipients are sicker, given that priority of graft allocation is based on
higher MELD scores, older and with co-morbidities such as metabolic syndrome,
cardiac disease, and diabetes mellitus [5, 6]. Postoperative liver transplant patient
care requires careful accounting of the recipient’s pre-existing pathophysiology,
intraoperative events, and donor’s quality. Moreover, the implanted liver represents
a unique biological entity that has undergone physiological changes and has to adapt
to a new environment. This donor-recipient interaction is the key of a successful
transplantation [7].

The intensivist’s role is essential as a multifaceted approach is critical for optimal
transplantation outcomes. The main hurdles to tackle are early recognition and
immediate treatment of the hemodynamic and metabolic disorders, restoration of
intravascular volume, avoidance of coagulation disorders, optimization of organs
function affected by hepatic failure, prophylaxis and treatment of infections, early
enteral nutrition, and evaluation of graft function. Technological advances offer the
possibility of continuous cardiovascular and allograft function monitoring facilitat-
ing improved endpoint results.

2. General principles

The aim of immediate postoperative support is the adequate O, supply to tissues
and graft by ensuring hemodynamic stabilization, fluid balance, restoration of
diuresis, optimal ventilation, and supporting graft function. It should be noted that
graft recovery depends primarily on the intrinsic hepatocyte recovery capacity and
secondly on optimizing liver hemodynamics and preventing venous stasis.

3. Hemodynamic stabilization and monitoring

The primary goal of hemodynamic monitoring is to prevent inadequate cardiac
filling and the subsequent tissue hypoperfusion, and also to avoid overloading
leading to congestion of the lungs and sinusoids and hence allograft dysfunction
[8]. The intravascular volume, cardiac output (CO), and systematic vascular
resistance (SVR) are important parameters vital in determining the success of
a LT. The treatment becomes even more complicated when renal and/or heart
failure, portopulmonary hypertension, or hepatopulmonary syndromes are also
present [9].

Successful management of patients with end-stage liver disease (ESLD) requires
a complete understanding of their hemodynamic profile that is often characterized
by high cardiac output (CO) with decreased systemic vascular resistance, depleted
intravascular volume, and compensatory tachycardia with concomitant renal vaso-
constriction and dilutional hyponatremia, due to excessive production of vasodila-
tors during the development of hepatic failure [10]. Following LT, vasodilation and
hyperdynamic circulation remain until the graft begins to function and excretes
excess vasodilatory agents that are almost completely restored after 6 months [11].

Upon the arrival of a liver transplant recipient in the ICU, advanced monitoring,
which estimates CO and volume status, additionally to standard hemodynamic
monitoring, that is electrocardiogram, pulse-oximetry, and invasive blood pressure,
are deemed essential [12].

Hemodynamic depression may be the result of hypovolemia, prolonged reperfu-
sion syndrome, cardiac dysfunction, either caused by pre-existing or emerging
ischemic cardiomyopathy, and metabolic disorders such as acidosis, hypocalcaemia,
hypothermia, vasodilation due to sepsis, or graft dysfunction.
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The assessment of the intravascular volume is of vital importance given that
volume status can be affected by contradictory factors such hypovolemia or hyper-
volemia, both detrimental for graft and patient survival. Restoring volume status,

a continually dynamic parameter, and achieving optimal CO are crucial in order
to maintain the delicate balance between preload optimization and avoidance of
pulmonary edema [13].

Hypovolemia, possibly due to continued bleeding, occult or overt, inadequate
fluid replacement and/or loss in the third space, can lead to reduced preload and CO
and hence hypoperfusion resulting in additional lesions in the newly transplanted
liver [14]. The aim is to replace the intravascular fluid and maintain the circulat-
ing blood volume. There is still controversy over the type of fluids administered,
with crystalloids gaining ground against the colloids (hydroxyl ethyl starches),
which have been associated with renal injury and increased mortality in criti-
cally ill patients [15], a conclusion that is not supported by convincing evidence in
LT. Nevertheless, the appropriate crystalloid should be carefully selected taking into
account its special characteristics and based on its metabolism, electrolyte com-
position, pH and osmolarity, and considering patients’ status [16]. Albumin (Alb)
administration as a replacement fluid has been a matter of debate. In some centers, a
large amount of Alb is exogenously administered following the LT to support circula-
tory stability. Moreover, a concentration of 25 g/L is considered necessary for the
immunosuppressive drugs to be effective [17]. Beneficial properties were attributed
to Alb in recent studies; whereas, postoperative hypoalbuminemia has been linked to
the development of acute kidney injury (AKI) [18]. It has been found that during LT
there is translocation of Alb, probably to the interstitial space, which persists until
the third postoperative day and whose role has not been clearly clarified [19]. Certain
centers choose to replace two-thirds of the required fluids with crystalloids and
one-third of drain losses with albumin [14]. Although, blood and blood products
transfusion strategies vary between institutions, it is considered that postopera-
tive hematocrit (Hct) values, ranging between 25 and 30%, are safe for adequately
transporting O, to the new graft [14]. The rational use of blood products depends on
the monitoring of the coagulation mechanism. Whole-blood viscoelastic tests, such
as thromboelastogram (TEG) and rotational thromboelastometry (ROTEM), that
illustrate each step of thrombus formation and fibrinolysis are useful tools to guide
transfusions and drug administration (anti-fibrinolytics, coagulation factors) [20,
21] by limiting the number of transfusions, as there has been an association between
them and increased morbidity/mortality, prolonged stay in the hospital, postopera-
tive sepsis, increased risk of acute rejection, and hepatic artery thrombosis [22-24].

Hypervolemia occurs either from intraoperative over-resuscitation or coexistence
of renal dysfunction. It can result in capillary leak syndrome with loss of fluids in the
third space, further congestion and graft edema due to vascular permeability disor-
der, caused by ischemia/reperfusion injury (I/R) that is more pronounced in grafts
with higher preservation injury, greater steatosis, or in older donors [7, 25]. Studies
also indicate that massive administration of fluids and blood is a risk factor for com-
plications of the respiratory system postoperatively and is correlated with increased
mortality [26]. On the contrary, conservative resuscitation strategy and negative
fluid balance during the first three postoperative days, if hemodynamic stability has
been achieved, act protectively. Codes et al. [27] concluded that a continuous positive
balance in the first 4 days after surgery correlates with the development of AKI and
the need for renal replacement therapy (RRT). Goal directed therapy (GDT) strategy,
which has been successfully applied in major surgical interventions, is proposed.

It aims at maintaining an adequate supply of O, to the end organs by a bundle of
measures including fluid titration in conjunction with blood transfusions as well
as administration of vasopressors and/or inotropic agents [28]. The hemodynamic
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targets are predefined and specific variables are used to control fluid adequacy,
improvement of CO, and tissue perfusion. GDT has beneficial effects compared to
liberal fluid administration, reducing postoperative ileus, mechanical ventilation
time, and respiratory system complications, as it has been indicated in relevant,
although limited, studies [29]. Jiang et al. [30] suggests the individualization of fluid
administration in the perioperative period as an optimal recovery strategy. They
estimated that transfusions >100 ml/kg and fluid balance <—14 ml/kg during the first
postoperative days result in prolonged mechanical ventilation, extubation time, and
ICU stay. Prudent use of vasopressor agents is proposed since they increase arterial
tone and improve perfusion pressure avoiding overload. Noradrenaline (0.01-1 pg/
kg/min) with mixed a-B-adrenergic effects is most commonly administered to
maintain CO and organ perfusion. Vasopressin (0.5-0.6 U/h) and terlipressin (1.5 pg/
kg/h) have also been used in recent years because of their modifying effect on visceral
circulation, where approximately 37% of the total blood volume is located in cirrhotic
patients, and of their ability to reduce pressure in the portal vein [31, 32].

Since there has been no consensus on hemodynamic monitoring in LT yet, there
is a number of invasive and noninvasive CO monitors available in order to evaluate
hemodynamic fluctuations (Table 1) [13, 36].

The pulmonary artery (PAC) catheter has traditionally been used for hemo-
dynamic monitoring in LT. It provides the possibility of measuring the CO by the
thermodilution method, which is considered the gold standard, but also the cardiac

Monitors Principle Advantages Limitations
PAC Thermodilution Accurate continuous Invasive
measures of CO CVP, PCWP static
Direct measures of PAP pressures measurement
and RVEDVI Unreliable indicators of
Gold standard in POPH volume status, SV and
fluid responsiveness
PiCCO Pulse contour Less invasive Need for recalibration in
analysis Continuous CO, SV marked changes of SVR
measures Inaccurate CO measures in
ITBVI, EVLWI, PPV, Child-Pugh Band C stages
SVv in cirrhosis
Reliable indicators of Requires sinus rhythm and
fluid responsiveness certain ventilator setting
LiDCO Pulse contour Continuous CO, SV Calibration with lithium
analysis measures comparable to Inaccurate CO measures in
PAC measures Child-Pugh Band C stages
PPV, SVV in cirrhosis
Indicative of volume
status
FlowTrac/Vigileo Pulse contour No need for calibration Not reliable in
analysis Continuous CO, SV hyperdynamic circulation
measures with very low SVR
PPV, SVV, indicative of
volume status
TEE Ultrasound, Less invasive Advanced training is
Doppler Direct visualization of required
cardiac function and Risk of rupture in 3rd or
volume status 4th grade of esophageal
varices
Table 1.

Hemodynamic monitoring in LT,
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filling pressures, the CVP, and especially the PCWP for assessing the preload [33].
Numerous studies have shown that static preload measurements are indirect mark-
ers of the end diastolic volume and have a poor predictive value for fluid manage-
ment, improvement of hepatic perfusion, and recovery guidance [34]. Although
still under debate, current data favor the use of a modified pulmonary artery cath-
eter, with an incorporated heating coil, that provide continuous measurement of
CO (CCO) and right ventricular end diastolic volume (RVEDV) as the more reliable
preload indicator. Patients with portopulmonary hypertension are highly benefited
from PAC, as it is the method of choice for measuring and monitoring pulmonary
artery pressures intraoperatively and directly postoperatively [13, 35].

In recent years, interest has shifted to the dynamic parameters and expanding
data yielded from existing monitoring of blood pressure to assess the CO, the pre-
load and the afterload. There is technology available to accurately analyze pressure
waveforms and sufficient knowledge to generate algorithms that are interpreted by
the complex pulse wave morphology [36, 37].

The PiCCO system (Pulsion Medical System, Munich, Germany) uses the
method of transpulmonary thermodilution, single indicator technique, and arterial
pulse contour analysis which by means of an algorithm can continuously calculate
CO and preload markers: global end diastolic volume (GEDVI), extra vascular lung
water index (EVLWI), and intrathoracic blood volume index (ITBVI) which is con-
sidered a reliable preload indicator in LT. In transplant patients, the CO measure-
ments deriving from the PiICCO system are consistent with those of PAC [38, 39].

Furthermore, this system offers the capability of functional hemodynamic
monitoring by detecting the changes in left ventricular pulse volume caused by
changes in preload due to mechanical ventilation. Stroke volume variation (SVV)
and pulse pressure variation (PPV) have been used successfully to assess the
intravascular volume and fluid responsiveness in critically ill patients [12, 13, 40].
Certain LT studies have concluded that the SVV is a better indicator for RVEDVI
than CVP, while a SVV greater than 9% is an indicator of low RVEDVI which means
fluid responsiveness [41, 42]. However, there are always limitations deriving from
the presence of arrhythmia and mechanical ventilation settings.

The LiDCO system (LiDCO Plus, Cambridge, United Kingdom) is similar to the
PiCCO system, but in its case the lithium indicator dilution technique is applied in
order to calibrate the arterial waveform analysis algorithm [40]

The Flowtrac/Vigileo system (Edwards Lifesciences, Irvine, CA United States)
is a special energy converter that links the arterial line with a CO monitor and uses
arterial waveform analysis with an algorithm for real-time CO measurement in
conjunction with patient demographics without the need for calibration. However,
a poor correlation has been found between findings of waveform analysis CO when
compared to PAC thermodilution, mainly in patients with cirrhosis B and C accord-
ing to Child-Pugh classification [43, 44]. Biais et al. came to the same conclusion,
using the recent third generation, FloTrac system, pointing out that there was great
discrepancy in cases of significantly low SVR [45, 46].

In recent years, the use of transesophageal echocardiography (TEE) has been gain-
ing ground not only because it is considered a noninvasive method, but also because
it provides the ability to directly visualize the contractility of the left and right heart,
preload status, and differential diagnosis of various pathological conditions such as
pulmonary embolism, pleural, or pericardial effusion [47]. The CO can be estimated
with measurements of flow across the cardiac valve, left ventricular outflow tract, or
the flow in the main pulmonary artery. The ability to instantly display real-time preload
is considered its biggest advantage. The functional application of TEE is limited by the
risk of rupture of the third or fourth grade esophageal varices, but it is considered a reli-
able hemodynamic monitoring method when used by experienced intensivists [12, 13].
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4. Liver allograft function

Assessment of graft function is necessary and is performed by combining
clinical parameters, laboratory values, and imaging examinations. The first posi-
tive signs of adequate function of the new liver can be evident by the correction of
metabolic acidosis, coagulation disturbances, hemodynamic stabilization, and tem-
perature normalization in addition to diuresis restoration. Continuous monitoring
in the postoperative period is required for the immediate recognition of early, subtle
findings of graft dysfunction which necessitate aggressive treatment. Traditionally,
the evaluation of liver function involves static and dynamic tests [48].

Static tests include hematology, coagulation, and biochemistry blood tests, in
order to evaluate the main liver functions. The hepatic enzymes aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT), which rather indicate
hepatocyte necrosis, display a rise postoperatively reaching their peak during the
first 2 days before they finally start decreasing. Their elevation is attributed to pres-
ervation injuries and/or prolonged cold ischemia time (CIT). A persisting elevated
value raises concerns about liver function and requires further investigation. The
canalicular enzymes y-glutamyl transferase and alkaline phosphatase increase after
day four and usually five-fold before their decline begins. The synthetic function
of the liver is evaluated by the prothrombin time or international normalized ratio
(INR), which estimate the production of coagulation factors by the liver. Bilirubin
levels define the liver excretory function while its metabolic function is assessed by
glucose and lactate levels. A resistant to the treatment hypoglycemia is an indicator
of graft dysfunction. The levels of lactates should also be carefully considered, if
increased, due to the fact that such result may derive from peripheral tissue hypoxia.

The dynamic tests express the ability of the liver to metabolize or excrete certain
substances. The lidocaine conversion to monoethylglycinexylidide metabolite
(MEGHX test) assesses the metabolic capacity and the liver blood flow [48, 49].

The indocyanine green (ICG) clearance test is routinely used in several centers.
The functional activity of the graft is assessed by ICG dye administration, which is
almost exclusively eliminated from the liver into the bile without undergoing entero-
hepatic circulation. Its removal from the blood depends on the hepatic blood flow,
parenchymal cell function, and biliary excretion. It is expressed as half-life time,
blood clearance, or plasma disappearance rate (ICG-PDR) smaller than 15% associ-
ated with a higher rate of primary dysfunction [50]. The bedside ultrasound imaging
methods with hepatic blood vessel Doppler examination are usually performed on
the day of surgery or on the first postoperative one in order to evaluate the patency of
the hepatic artery, the portal vein, and the hepatic vein. It is particularly useful in the
presence of intraoperative technical difficulties or when there is graft dysfunction,
with a view to identify vascular abnormalities that could be treated [51].

Recovery of the graft is a combination mainly of the severity of the recipient’s condi-
tion, donor quality, intraoperative events, perioperative hemodynamic stability, and
preservation injuries, while adequate blood flow to the organs and prevention of venous
stasis in the new liver have to be ensured (Table 2) [49]. On the other hand, the risk of
poor outcome is increased in case of ESLD-associated syndromes and co-morbidities
coexistence, especially in sicker patients, as estimated by the MELD score [4, 7].

Donor quality has a major impact on the graft function since the use of marginal
donors is now commonplace [4]. The prolonged time of cold ischemia for more
than 12 h increases ischemia reperfusion injuries. Macrosteatosis greater than 30%
reduces tolerances in such injuries, while the risk of rejection and PNF is increased.
Grafts from donors older than 60 years of age are considered to be of higher risk
for PNF or exhibit delayed recovery mainly owing to cholestasis, whereas grafts
from donors older than 75 show reduced liver regeneration capacity [52-54].
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Donor related Recipient related Intraoperative Allograftrelated

events
Donor age ESLD-associated Massive I/R Injury
Macrovesicular syndromes transfusion Graft inflow (Right HF, Hepatic
steatosis >30% Pretransplant HD/renal Reperfusion vein stenosis/thrombosis)
High dose of dysfunction syndrome Graft outflow (Hepatic artery
Vasopressors Cardiovascular disease High and portal vein patency)
Hypernatremia BMI < 18.5 kg/m’ Vasopressors Small-for-size syndrome
Prolonged ICU stay dose
Prolonged CIT

Donation after
cardiac death

Table 2.
Factors velated to graft function.

Nevertheless, the results in the literature are contradictory; and in 2016, the donors
older than 65 years old reached a percentage of 20.7%. In a recent study, Gilbo et al.
concluded that older grafts can be safely used in older recipients without endanger-
ing their survival, if the remaining risk factors have been minimized [55]. The best
practice for graft allocation is the use of scores that include donor and recipient
data, such as the survival outcomes following liver transplantation (SOFT) and/or
the BAR-score, which offer excellent prognostic ability for survival after transplan-
tation and could lead to the final decision on using or rejecting the graft [56].

5. Ventilatory support and weaning from mechanical ventilation

The intraoperative use of short-acting anesthetics and neuromuscular blocking
agents allows a prompt recovery of consciousness and facilitates the rapid release
from mechanical support and early extubation (EE), which can occur in the operat-
ing theater or within the first three postoperative hours and is associated with shorter
ICU and hospital stay. In a recent meta-analysis comparing early versus conventional
extubation, the authors report a reduction in re-intubation rate, morbidity, respira-
tory complications, incidence of graft dysfunction, and ICU/hospital stay [57-59]. In
a study published by Taner et al., it was exhibited that early extubation failed only in
1.90% of patients when performed on selected cases. According to these researchers,
patients with HCC and low MELD score are appropriate candidates for EE [60].

Prolonged mechanical ventilation (MV) remains a critical risk factor for infec-
tions development, especially ventilator-associated pneumonia, tracheal trauma,
prolongation of neuromuscular recovery, graft venous congestion due to positive
intrathoracic pressures, and reduced venous return to the inferior vena cava and
hepatic veins [61, 62]. It has also been correlated by Yuan et al. with the recipient’s
age, female gender, preoperative need for renal replacement therapy (RRT), ascites,
higher MELD score, prolonged cold ischemia, and the number of transfusions [62].

Emphasis is placed on the fact that optimal selection criteria and timing of EE
have not been clearly defined yet. Patients with encephalopathy, marked hypox-
emia, obesity (BMI > 30), severe hemodynamic instability, pulmonary edema, car-
diac or renal dysfunction, and multiple transfusions are not indicated for EE. The
personalized and selective approach is likely to be the best strategy with a focus on
avoiding delayed extubation, preserving hemodynamic stabilization, and ensuring
graft functionality [63].

The criteria of weaning from MV applied to liver transplanted patients in ICU
conform to those of the rest patient groups [64]. Distinct sequelae may often arise
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from ESLD-related disorders such as encephalopathy, massive transfusions, graft
dysfunction, preoperative nutrition disorders, volume overload, and postopera-
tive respiratory complications including pulmonary edema, pleural effusions, or
pneumonia. During MV, lungs and liver allograft interaction should be taken into
account with the aim of improving oxygenation without impairing the outflow
of the liver graft. Implementation of daily withdrawal of sedation combined with
spontaneous breathing trial facilitates weaning from MV [63].

Acute respiratory distress syndrome (ARDS), one of the prominent respiratory
complications following LT, is usually attributed to reperfusion syndrome, substan-
tial blood loss and transfusions, prolonged operation time, and early postoperative
infections and sepsis. Lung-protective ventilator strategies with low tidal volumes
(6 ml/kg IBW), higher respiratory rate, and positive end-expiratory pressure
(PEEP) are recommended to limit lung injury from shear forces and atelectasis
[64]. There is debate about optimum PEEP in LT since some consider that higher
PEEP values impair venous return and visceral blood flow leading to hepatic edema.
Evaluation of transpulmonary pressure has been proposed to optimize PEEP titra-
tion [65]. Saner et al. concluded that PEEP up to 15 cm H,0 affects neither blood
flow to the liver, nor flow and velocity in the hepatic artery, right hepatic vein, and
portal vein [66]. In refractory ARDS and persistent hypoxia, prone positioning,
high frequency ventilation, and extracorporeal membrane oxygenation support
have been utilized as rescue therapy [67-69].

There are certain syndromes related to ESLD characterized by severe hypoxemia
which require special management in the ICU such as hepatopulmonary syndrome
and portopulmonary hypertension.

Hepatopulmonary syndrome is caused by intrapulmonary capillary dilatation
that leads to hypoxemia and shortness of breath. LT is considered the treatment of
choice; however, in most cases, severe hypoxemia might persist for a 6-12 months
period. In the ICU, fluids should be managed carefully and lung-protective strate-
gies should be employed during MV. In persistent hypoxemia, high frequency
ventilation and/or venovenous extracorporeal membrane oxygenation is recom-
mended. Some authors suggest early extubation and the immediate application of
noninvasive ventilation with high-inspired fraction of oxygen [70, 71].

Portopulmonary hypertension resulting from pulmonary vasoconstriction due
to portal hypertension requires prevention of hypoxemia, maintaining oxygen
saturation >90% and correcting factors involved such as acidemia, arrhythmia, and
anemia. Administration of diuretics and/or renal replacement therapy is advised if
volume overload cannot be avoided. MV can both compromise venous return from
the allograft and increase pulmonary vascular resistance through alveolar overdisten-
sion; therefore, lung-protective ventilation is considered to be the most appropriate
strategy. The use of pulmonary vasodilators, that can be both administered IV such as
epoprostenol and orally, via nasogastric tube, such as phosphodiesterase V inhibitor or
nonselective endothelin receptor antagonist, is recommended during ICU stay [71].

6. Immunosuppression

Advances in immunosuppression have greatly impacted the survival of patients
following LT. The initial endpoint was to prevent rejection; but in recent years, the
interest has also been shifted to avoiding long-term complications from immuno-
suppressant agents and relapsing of the disease. In spite of the latest developments
in this field, most centers commence immunosuppression with calcineurin inhibi-
tors (CNIs) and corticosteroids with or without an anti-proliferative agent depend-
ing on protocols [72, 73].
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Calcineurin inhibitors: Tacrolimus and cyclosporine inhibit calcineurin by
impairing interleukin-2 (IL-2) transduction. Used as first-line immunosuppressant,
tacrolimus is considered 100 times more potent than cyclosporine, and is supe-
rior in graft and patient survival with fewer acute and steroid-resistant rejection
episodes. The main side effect is nephrotoxicity, while hypertension, hyperkale-
mia, uremic hemolytic syndrome, and neurotoxicity have lesser incidence [72].
Corticosteroids are important both in the initial immunosuppressive therapy and in
the treatment of acute rejection.

Mycophenolate mofetil has been widely used as an adjuvant and alternative
immunosuppressive agent. It is a potential inhibitor of B- and T-cell proliferation. It
is mainly utilized when a dose reduction or discontinuation of CNI is demanded due
to certain adverse effects such as nephrotoxicity and neurotoxicity [72].

Mammalian target of rapamycin (mTor) inhibitors, sirolimus, and everolimus,
prevent B- and T-cell proliferation prompting the cell to arrest at G1 to S phase of
the cell cycle. Although accounted for wound healing delay incidents, they can be
administered as primary and rescue immunosuppression therapy with the advan-
tages of being renal sparing as well as reducing the need for high doses of steroids.
The newer IL-2 receptor-blocking antibody preparations daclizumab (Zenapax)
and basiliximab (Simulect) are often used to initiate immunosuppression and avoid
CNIs, and can also play a part in steroid-resistant rejection [72].

7. Infection prophylaxis

Prevention of infections is a major problem as they are the leading cause of death
following LT [74]. The most common ones in the immediate postoperative period
are of bacterial or fungal origin and include bloodstream, catheter related, surgical
site, pulmonary, urinary tract, Clostridium difficile infections, and intra-abdominal
collections. The identification of risk factors and the stratification of patients
according to them determine the prophylactic perioperative antimicrobial treat-
ment [75, 76]. Antimicrobial chemoprophylaxis depends on the patient’s immune
status, intraoperative events, recent or recurrent hospitalization, and donor infec-
tions at the time of liver graft procurement while it has been tailored in accordance
with the colonization of the patients, recently characterized by a prevalence of
multidrug-resistant Gram-negative bacilli [76, 77]. Other recipient-related risk
factors are malnutrition, re-operation, acute liver failure, biliary complications,
and the existence of postoperative catheters, lines, and drains. Antibiotics right
before surgery cover Gram-negative bacteria (Pseudomonas sp., Enterobacter sp., and
Klebsiella sp.), Gram-positive organisms (Staphylococcus aureus), fungi, and viruses
according to the center protocols and their epidemiology. Antifungal prophylaxis
is administered to higher risk patients determined by factors such as renal dysfunc-
tion with a need for RRT, re-transplantation, multiple transfusions, prolonged ICU
stay, colonization by Candida, and graft rejection incidents with administration of
high doses of corticosteroids. In many centers, azoles or liposomal amphotericin are
used [76-78]. Siddique et al. reported that the rate of post-transplant infections was
24.5% with no difference between deceased and living donors; however, mortality
was higher in bacterial infections in deceased donor recipients [79].

Herpes family viral infections, due to immunosuppression mainly by
administration of T-cell-specific agents, are adequately treated with acyclovir.
Ganciclovir or valganciclovir is sufficient for CMV seronegative recipients with
CMV-seropositive grafts, or after rejection treatment. In case of suspected infection
during hospitalization, broad spectrum antimicrobial therapy is administered and
reviewed according to cultures results [75].
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8. Nutritional support in liver transplant recipients

Post-LT nutritional support in ICU is an essential adjunct to transplant recovery.
Malnutrition, which characterizes many patients with ESLD being evident at rates of
up to 80%, deteriorates with the progression of liver failure, and affects the patients’
outcome [80]. On the other hand, it is associated with prolonged ICU and hospital stay,
infections, respiratory complications, graft impairment, and mortality. Sarcopenia,
defined as severe muscle wasting, is also a determining factor of the outcome, and it
can be easily diagnosed with bioelectrical impedance. Patients with cirrhosis often
present carbohydrate, fat, and protein disorders, characterized by elevated levels of
aromatic amino acids and methionine while lowering plasma levels of branched-chain
amino acids are detected [81, 82]. The immediate postoperative energy demands are
increased, especially in patients with a high MELD score [82]. Factors such as opera-
tional stress, release of catabolic hormones, administration of immunosuppressants,
mainly corticosteroids, as well as ICU factors including mechanical ventilation and
hemodialysis, contribute to increased metabolic needs. For the above reasons, the aim
is to ensure adequate intake of protein and calories in addition to protein breakdown
protection [81]. An increase in nonprotein calories, estimated at 25-35% kcal/kg per
day, is recommended when indirect calorimetry is not available. It should always be
in accordance with the metabolic and inflammatory status, and it should be reviewed
in hemodynamically unstable patients [83]. Due to elevated protein catabolism, it is
necessary to obtain 1.5-2 g/kg of protein. Enteral nutrition (EN) has the edge over the
parenteral one, assisting in maintaining intestinal integrity, by supporting the diversity
of the microbiome, and helping the immune and metabolic response. The rapid onset of
EN even 12 h after LT is reccommended by some authors. It has been reported to reduce
viral infections and contribute to a better N, balance. If postoperative encephalopathy
remains, the amount of protein intake is not reduced but the type of nutrition is altered
by the addition of branched-chain amino acid (BCCA) enriched formulae, while the
administration of immunonutrition remains under discussion. Frequent screening of
electrolytes is required to prevent and correct disorders, while re-feeding syndrome is
also considered a risk factor for these disorders [83].

9. Renal dysfunction

Renal impairment is a very common complication after LT. Its presence ranges from
19 to 64%. Even with the application of the RIFLE and AKIN criteria, the percentage
reaches from 39 to 54% [84, 85]. In cases of living donors, acute kidney injury (AKI)
has been estimated at around 23% [86]. AKI occurrence is complex and multifactorial
in origin, depending on the existence of the preoperative hepatorenal syndrome as well
as various intraoperative and postoperative factors. High MELD score, perioperative
transfusions, hemodynamic instability, vasoactive agents, graft dysfunction, infec-
tions, and nephrotoxic agents are mainly accountable for renal function deterioration
[87]. Systematic evaluation of renal function is required with close monitoring of urine
output, fluid balance, and hemodynamic parameters [18]. The treatment is mainly
supportive and includes: restoring CO with sufficient preload for optimization of renal
perfusion, administering loop diuretics, and efforts to avoid nephrotoxic agents. Renal
replacement therapy is recommended in cases of volume overload, electrolyte distur-
bances, and acidemia in an attempt to avoid pulmonary edema and hepatic congestion.
Immunosuppressants, antibiotics, and contrast agents are commonplace nephrotoxic
agents. The dosage of CNIs should be minimized or they should be converted into
mTOR inhibitors combined with anti-proliferative agents. In ICU, CVVDHF is the renal
replacement therapy of choice and favors the outcome of patients [88].
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10. Primary graft dysfunction

Primary graft dysfunction (PGD) is a major complication after LT and is associ-
ated with prolonged hospital and ICU stay jeopardizing graft viability, being respon-
sible for its high rejection rates as well as higher mortality and morbidity. It describes
different degrees of graft impairment which begins intraoperatively, divided into
early or initial poor function (IPF) and primary nonfunction (PNF) [89-91]. IPF
represents the clinical phenotype of severe ischemia-reperfusion injury due to various
donor and/or recipient-related factors. Expanding the criteria to marginal donors
has increased the use of allografts with a higher likelihood of initial malfunction.

It affects the survival of both graft and patient, whether the transplant comes from
living or deceased donors. Dysfunction may be transient and possibly reversible with
appropriate supportive treatment. There are no clear definitions, nevertheless, there
are suggested scores, such as MEAF and LGrAFT, that could help in early detection
and classification of early hepatic impairment [92, 93]. On the contrary, PNF is a
catastrophic injury characterized by hepatic necrosis, aminotransferase elevation,
coagulation disorders, lactate elevation, hemodynamic instability, persistent hypo-
glycemia, and respiratory and renal failure with an incidence ranging from 0.9 to 7%.
The treatment is immediate re-transplantation. There are certain risk factors related
to donors, recipients, intraoperative events, and allograft preservation [91] (Table 2).

11. Rejection

Acute cellular rejection (ACR), usually mediated by T-cells, has decreased in recent
years with the use of improved potent immunosuppressants, but still ranges from 15
to 25% and usually occurs 7-14 days after surgery [94]. Hyperacute liver rejection is
controversial, but undoubtedly early accelerated rejection occurs in the first 7 days
and is associated with preformed antibodies. Risk factors include adequacy, type,
and level of immunosuppression, underlying immune disease, biliary complications,
certain transplant-related features such as donor-negative recipient-positive CMV
mismatch, sex mismatch with a female donor. ACR is not significantly associated with
long-term graft failure unless it concerns HCV-positive patients in which case it may
result in corticosteroid-resistant rejection and graft loss. Early ACR is associated with
better graft outcomes [95]. It is even hypothesized that such activation of the immune
system may be beneficial and may induce a degree of tolerance. Manifestations of ACR
include elevated levels of aminotransferase, alkaline phosphatase, bilirubin, and fever
in later stages. Hepatic artery or portal vein thrombosis, biliary leak, CMV infection,
and delayed graft function should be excluded. Diagnosis is finally confirmed by
percutaneous liver biopsy prior to initiation of treatment, which depends on patient
severity and current immunosuppression [94]. Cyclosporine is converted to tacrolimus
or the sub-therapeutic levels of tacrolimus are increased and/or mycophenolate mofetil
is added. In moderate to severe ACR, high doses of corticosteroids, usually methyl-
prednizolone, are administered as a first-line medicine in a dose ranging from 500 to
1000 mg for 1-3 days depending on the center protocol [94].

12. Cardiac complications after LT

Cirrhotic cardiomyopathy (CCM) is defined as cardiac dysfunction in patients
with cirrhosis characterized by a blunted contractile responsiveness to stress and/
or diastolic dysfunction and electrophysiological abnormalities in the absence

of known cardiac disease [96]. Diagnostic features include a reduced ejection
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fraction (EF), an E/A ratio < 1, and electrocardiographic abnormalities such as a
prolonged QTc interval. Diagnostic approaches involve transthoracic ultrasound,
dobutamine stress echocardiography (DSE), as well as cardiac magnetic resonance
(CMR). The concept of “ventriculo-arterial coupling” (VAC) has recently been sug-
gested as a means of assessing cardiac function in ESLD. The VAC (ratio of ventric-
ular elastance to arterial elastance) is measured conventionally by ultrasound and
has been correlated with prognosis. Moreover, cardiac biomarkers such as troponin
and brain natriuretic peptide (BNP) are deemed early markers [97].

It is difficult to define the exact impact of CCM due to the fact that its clinical
course is usually silent, especially in early stages, due to the profound vasodilatation in
cirrhosis and offloading of the left ventricle. It only becomes apparent in conditions of
stress and increased afterload. LT is a cause of significant cardiovascular stress since
there are marked variations in preload and afterload, cardiac workload increases and
the existing underlying cardiac dysfunction may become overt heart failure during LT
or several days postoperatively. Complete recovery has been recorded at 6 months [98].

Cardiac dysfunction and pulmonary edema are encountered in almost half of
the patients within a week after LT. They have been identified as the third most
important cause of mortality during the first year following the surgery. High
MELD score and AKI have been considered as risk factors. Early diagnosis can
prevent acute onset or deterioration of heart failure. An empirical and supportive
therapeutic approach is applied which includes optimization of volume status and
cardiac monitoring via echo and/or PAC [99, 100].

Prevalence of coronary artery disease (CAD) in cirrhosis reaches 5-26% and
has been associated with poor prognosis. It has been correlated with a number of
cardiac adverse events: myocardial infraction, arrhythmias, and cardiac death.

LT can be postponed in cases with known CAD for medical optimization and/or
revascularization [99, 100].

13. Neurological complications

Neurological complications (NC) are still common after LT with a 15-30% inci-
dence rate. In recipients from living donors, this percentage does not exceed 20%
[101, 102]. Major neurologic complications immediately postoperatively include
alterations of consciousness, seizures, hepatic encephalopathy, CNI neurotoxic-
ity, cerebrovascular complications, central nervous system infections, and central
pontine myelinolysis (CPM) [103]. They can delay recovery and make immunosup-
pression and patient management difficult. Rapid patient recovery requires daily
evaluation of mental status and neurological assessment in the ICU.

Immunosuppression-related neurotoxicity can range from headaches and con-
vulsions to posterior reversible encephalopathy (PRES). Immunosuppressants have
the potential to reduce the seizure threshold that is enhanced by electrolytic disor-
ders mainly hypomagnesaemia and hypophosphatemia. CNIs are mainly implicated
while incidents of PRES have been reported even in treatment with sirolimus. The
treatment is conservative involving reduction of dosage and/or interchange with
CNI-sparing regimens. Neurotoxicity of corticosteroids can be manifested either in
the form of convulsions or myopathy and behavioral disorders [103].

Post-transplant encephalopathy is responsible for 12% of NC. It relates closely to
metabolic disorders, CNS infections and/or septic encephalopathy, cerebrovascular
events, history of severe encephalopathy, and graft dysfunction [78]. Seizures are one
of the most common postoperative neurological consequences and may be the effect of
various factors, mainly drug toxicity and metabolic disorders. Correction of underlying
causes and administration of anti-convulsive medicines are the appropriate treatment.
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Central pontine myelinolysis (CPM) represents a serious complication, with a
low incidence of approximately 1-3.5% that may affect the postoperative course of
patients. It has been associated with large fluid shift and rapid correction of pro-
longed hyponatremia. The indicated treatment is supportive and requires careful
correction of severe hyponatremia (serum Na <125 mEq/L), which is encountered
in approximately 17% of patients with ESLD, using sodium chloride and adjusting
Na serum values to 8-10 mEq/L per day [104, 105].

14. Ischemia reperfusion injury

Ischemia-reperfusion injury is related with the degree of transaminitis and
primary and/or delayed graft dysfunction. Mitochondria are more prone to I/R
injuries with subsequent alterations that can lead to dysfunction or even to necrosis
of hepatocytes following LT. Alternatively, machine reperfusion has been proposed
to preserve the donor organ. It promises to restore energy balance, extend preser-
vation time while offering the ability to “test” the organ performance [106, 107].

15. Postoperative surgical complications
15.1 Early surgical complications

In the early postoperative period, according to Parikh et al., 79.3% of patients are
present with at least one complication with 62.8% of the recipients suffering severe

Complications Diagnosis-treatment Therapeutic approach
Abdominal bleeding Anastomosis site Re-operation
Graft surface
Diffusion bleeding
Biliary Complications Biloma, Hemobilia ERCP, PTC, MRCP
Bile leaks EUS-guided approach
Anastomosis necrosis HIDA
Anastomotic stricture Digital Cholagiography

or
Surgical re-intervention

Table 3.
Immediate surgical complications after LT.

Vascular complications Diagnosis Treatment
Hepatic artery thrombosis (HAT) DUS, CT Emergent revascularization
2.9% Angiography (endovascular or surgical) or re-LT
Hepatic artery stenosis (HAS) DUS, CT Endovascular intervention
1-2% Angiography or surgical HA revision
Hepatic artery rupture (HAR) Angiography Emergent surgical hemostasis
0.64% None in emergency and surgical repair
Portal vein thrombosis (PVT) DUS, CT (portal phase) Surgical revision
5% Venography Endovascular intervention or re-LT
Portal vein stenosis (PVS) DUS, CT (portal phase) Endovascular intervention
2% Venography
Table 4.

Vascular complications after LT,
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complications. The incidence of those related to surgical techniques range from 5

to 10% and can be categorized into abdominal bleedings, vascular complications,
and biliary complications. Treatment can be determined by the severity of each case
and its spectrum includes simple surgical interventions, or even re-transplantation.
The main complications are illustrated in Tables 3 and 4 along with diagnostic and
therapeutic approaches [108, 109].

16. Conclusions

LT has been established as the gold standard treatment for patients with ESLD
and following successful postoperative course, organs previously affected return
to normal functionality in due time. Postoperative ICU stay is often imperative,
especially in cases of adverse events during operation, delayed cardiovascular
resuscitation, utilization of marginal donors, and distant organ dysfunction. Early
recognition, evaluation, and treatment of hemodynamic instability, distant organ
complications, impaired graft functionality, and use of optimal immunosuppressive
agents are of paramount importance.

Prompt recognition and treatment of life-threatening sequelae following LT in
addition with optimal management of immunosuppression are keys to successful
postoperative care and have led to improved overall survival although recipients are
in relatively worse condition and the use of marginal donors is more widespread.

Furthermore, overall survival of LT patients has improved dramatically in recent
years due to the formation of LT specific centers and medical teams, which follow
each patient from admission to the donor list up to the operation itself as well as
during their postoperative course. Therefore, according to the authors, the creation
of LT specific ICUs that provide a postoperative continuation of excellency in
managing the intricacies of those patients is paramount. Those units will not only
provide prompt treatment in cases of a complication but will also act as additional
reinforcement against postoperative infections.
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Abstract

Robotic liver surgery is an evolving specialty within liver surgery. The robotic
platform allows some of the limitations in both open and laparoscopic surgery to
be overcome. Indeed as the technology develops there is scope for the number of
robotic liver resections to increase as well as their complexity. In this chapter we
discuss the current robotic platform, review the current role of robotics in liver
surgery and review the available data in the literature on patient outcome.

Keywords: robotic surgery, liver surgery, liver metastasis,
minimally invasive surgery, liver resection

1. Introduction

For many patients with liver tumours, whether benign or malignant, the opti-
mal form of management is liver surgery. In the modern era with advancement
anaesthetic techniques, improved understanding of liver pathophysiology and
peri-operative patient management liver surgery has become a safe operation with
excellent patient outcomes. Concomitant with this advancement in patient care has
been a greater understanding of the nature of liver surgery and improving the pre-
cision of liver surgery. In particular surgery has followed the trend in other surgical
disciplines and moved towards minimal access surgery. Building on the experiences
of laparoscopic liver surgery hepatobiliary surgeons have begun to develop robotic
liver surgical programs. Many institutes worldwide have performed complex liver
procedures using robot-assisted surgery. This chapter summarises the nascent of
field of robotic liver surgery and provides an overview of the current robot technol-
ogy, surgical techniques and patient outcomes.

2. Liver anatomy

The liver is an accessory digestive gland located in the right upper quadrant of
the abdomen. The liver’s primary function is to produce bile that aids in the emulsi-
fication and digestion of dietary fat. The liver also serves many other critical func-
tions including metabolism of drugs and toxins, removing degradation products of
normal body metabolism and synthesis of many important proteins (e.g. clotting
factors) and enzymes.

The liver is anatomically divided into two major lobes or into eight segments.
Cantile line, which runs from the inferior vena cava (IVC) to the gallbladder fossa,
marks the division between the left and right hemi-livers. Each hemi-liver can be
divided further anatomically; the left liver can be divided into a left lateral section
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Figure 1.

Thge segmental anatomy of the liver. The liver derives its blood supply from the hepatic artery and portal vein.
Both divide these structures divide into a left and right vessel to supply the respective side of the liver. The
hepatic artery and portal veins divide into segmental branches to supply each of the segments within the liver.
Correspondingly each segment has its own biliary duct and venous drainage. Importantly segment 1/caudate
lobe is a specialised lobe of the liver and receives blood supply from both the left and right hepatic arteries with
biliary drainage to both the left and right biliary ducts. Hence the left liver is made up of the segments 2, 3 and
4 and the right liver of segments 5, 6, 7 and 8.

(segments 2 and 3) and a left medial section or segment 4. The right hemi-liver can
be divided into the right anterior section (segment 5 and 8) and right posterior sec-
tion (segment 6 and 7). This segmental liver anatomy was originally described by
Couinaud and is based upon the eight major divisions of the hepatic artery, portal
vein and the biliary system (Figure 1). Segment 1 or caudate lobe is a unique liver
lobe and is discussed below. Each Couinaud segment has its own arterial and portal
blood supply, venous outflow and biliary drainage.

Blood enters the liver from two separate sources. Twenty percent of total liver
blood flow is derived from the hepatic artery that is a branch of the coeliac artery.
The remaining 80% is derived from the portal vein that is formed by the union of
the Superior Mesenteric Vein and Splenic Vein behind the head of the pancreas. This
venous blood brings nutrients and oxygen to liver parenchymal cells (e.g. hepato-
cytes, sinusoidal endothelial cells and cholangiocytes). Venous outflow of the liver is
via the hepatic veins, which drain directly into the IVC and then the heart. This basic
structure of the liver is integral to the planning of and performance of liver surgery.

3. Types of liver surgery and indications
3.1Liver surgical procedures

There are important surgical principles and prerequisites that are mandatory
when planning any liver operation. These are relevant for open, laparoscopic and
robotic surgery. Most surgical procedures performed upon the liver involve the
removal or resection of defined portion(s) of the liver. At the end of liver surgery
there must be an adequate volume of liver of suitable quality left in-situ—termed
future liver remnant (FLR)—that is generally considered to be 30% of original liver
volume. In addition the FLR must have arterial and portal inflow, venous outflow
and biliary drainage.

The different types of hepatectomies are illustrated in Figure 2. As discussed
above as each segment of the liver has its own arterial and venous blood supply,
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biliary drainage and venous outflow, a single segment of the liver can be resected
without significant risk to the patient (see below). Specifically resections that
follow defined anatomical planes are referred to as anatomical resections (e.g. left
hepatectomy or segment 7 resection) and those crossing anatomical planes are
referred to as non-anatomical resections (NARs).

These liver procedures have traditionally been performed as open surgical opera-
tions but during the late 1990s there was a drive to perform these operations via
minimally invasive techniques such a laparoscopic surgery and more recently via
robotic-assisted surgery. These surgical approaches are discussed is more detail below.

3.2 Indications for liver surgery

Most liver operations are performed for the management of both benign and
malignant hepatic tumours. Table 1 demonstrates the frequency of these liver
operations.

The vast majority of liver operations performed for metastatic liver disease
are for colorectal liver metastasis, approximately 80% of all liver operations are
performed for liver cancer. Other metastatic diseases considered for liver resection
include neuroendocrine tumours and sarcoma. The most common primary malig-
nant tumour of the liver is the hepatocellular carcinoma (HCC) and in patients with
preserved liver function, hepatectomy can be considered. Importantly in patients
were the liver is damaged or cirrhotic, liver surgery cannot be undertaken, as the
liver will not regenerate. Cholangiocarcinoma is the other common primary liver
tumour and in cases where there is no metastatic/extrahepatic disease hepatectomy
as listed in Figure 2 can be considered. Benign tumours include hepatocellular
adenoma, hepatic haemangioma and focal nodular hyperplasia can be considered
for liver resection in selected patients particularly if symptomatic. Hepatectomy
may also be the procedure of choice to treat intrahepatic gallstones or parasitic
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Figure 2.

Thge different types of hepatectomy. Liver vesections are classified based upon the segments of the liver that

are resected. A right hepatectomy/lobectomy is surgical resection of segments 5, 6, 7 and 8 whereas a left
hepatectomy/lobectomy constitutes resection of segments 2, 3, 4. An extended left hepatectomy involves the
further vesection of segments 5 and 8. Combining a resection of segment 4 with a right hepatectomy is a
classified as an extended right hepatectomy. Resection of a named segment is termed a segmentectomy and two
contiguous segments a bi-segmentectomy. Resections crossing anatomical planes irrelevant of size ave classified
as non-anatomical resections.
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Indication for liver surgery Frequency (%)
Metastatic disease 51-55
Primary liver malignancy 14-16
Benign liver malignancy 8-11
Biliary tract malignancy 3-5
Benign liver disease 2-4
Benign biliary disease 1-4
Trauma 4-8
Other 3-6
Table 1.

Indications for liver resections.

cysts of the liver. Some of these pathologies such as HCC are also indications for
liver transplantation but these indications and surgical techniques are outside the
scope of this chapter. In the modern era liver surgery is safe when performed by
experienced surgeons with appropriate technological and institutional support. As
with most major surgical procedures, there is a tendency towards improved patient
outcomes in high volume centres. Apart from liver surgery for trauma or HCC in
cirrhotic patients where the mortality is high [1], the overall operative mortality for
liver resections is now reported in the worldwide between 0 and 2% [2, 3]. Thisisa
great advance in comparison to the mortality in liver surgery in early reports, which
reached a mortality rate as high as 20% [4].

4. Evolution of robotic liver surgery

The German surgeon Carl Johann August Langenbuch was the first surgeon to
perform a successful hepatic resection in 1888 [5]. The field of liver surgery did not
advance significantly until the 1950s at which time liver surgery remained associ-
ated with high patient mortality with ill-defined surgical indications [6, 7] In 1952
Lortat Jacob published his surgical techniques of anatomical liver resection [8]
whilst in 1956, Claude Couinaud [9, 10] published his seminal work on the segmen-
tal anatomy of the liver which forms the basis of modern liver surgery. The applica-
tion of these findings was restricted due to the persisting high-risk nature of liver
surgery and the inadequate nature of liver imaging. However the advent of intra-
operative ultrasound (IOUS) in the early 1980s [11] allowed for the identification
of smaller liver lesions that can be resected leading to the rapid expansion of open
liver surgery [12]. The technique of IOUS allowed the surgeon to understand liver
vasculature and biliary duct anatomy improving the precision and safety of surgery.
Within the next decade the first reports of laparoscopic liver wedge resection were
published [13] which was followed by laparoscopic major hepatectomy in the mid
1990s [14]. The Second International Consensus Conference in 2014 recommended
that laparoscopic resection to be standard of practice for selected anterolateral
minor liver resections [15]. This entailed that lesions in segments 2, 3, 4b, 5and 6
should be considered for laparoscopic liver resection.

There is a common misconception that robotic liver surgery evolved from lapa-
roscopic liver surgery but robotic surgery has developed in tandem with the former.
Computer Motion Inc. and Intuitive Surgical Inc. independently developed robotic
surgical systems in the 1990s. In 1999, Intuitive Surgical released the da Vinci robot
in Europe. The da Vinci robot is made up of three components (Figure 3):
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a surgeon console, a 4-armed patient cart that is docked against the operating table,
and a vision cart. The robot as a high-definition 3-dimensional viewer, a footswitch
that conveniently allows the surgeon to seamlessly move between the camera,
retractors, and instrument control, and the Endowrist instruments. Importantly
the Endowrist instruments are articulated in a manner that allows a greater degree
of motion that the human wrist [16] (see below). In 2003, Intuitive Surgical and
Computer Motion merged and during this time the first reports of robotic liver
resections were published. Marescaux et al. reported the first transatlantic robot-
assisted telesurgery in 2001, where a robotic cholecystectomy was performed by
surgeons in New York, USA, and the patient in Strasbourg, France [17]. The second
generation da Vinci S was released in 2006, and in 2014, the fourth generation

da Vinci Xi robot was approved by the FDA, with a redesigned surgical arm cart,
smaller, longer arms, and new camera system to allow more flexibility in cart posi-
tion and port placement (Figure 3) [18].

Figure 3.

Thge Da Vinci xi system. (a) Ilustrates the current 4th generation da Vinci xi® robotic system. The system
consists of three separate components; the patient cart, vision cart and surgeon cart (left to right). (b)
Demonstrates the set-up of the robotic system in an operating theatre. Operating surgeons can sit unscrubbed
at the surgeon console away from the operating table where the sterile patient cart is docked to the patient. The
vision cart allows the other theatre staff to view the surgical field and allow the use of ancillary functions such
as visual annotation and video recording.
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5. The robotic assisted surgery components

As discussed above a surgical robot consists of three separate components all of
which are integral to the safe execution of robotic liver surgery. A summary of each
component is given below using the da Vinci Xi® system as an example.

5.1 Surgeon console

The surgeon console is the component of the robotic system where the operating
surgeon sits and performs liver surgery. It is sometimes also termed the worksta-
tion. The surgeon console is located outside the immediate surgical field (Figure 3)
and with the newer robotic systems there are dual surgeon consoles that also allow
training robotic surgeons to be assisted and mentored during their learning curve.
Before commencing surgery the operator is able to adjust the physical parameters
of the console to ensure appropriate ergonomics. The operator is afforded a three
dimensional view of the surgical field using the viewer (Figure 4A). The screen
also provides details of the instruments that are in use in the patient cart, the type
of energy systems that are applied to these instruments and also provide real-time
alerts to the operator to pre-empt potential problems and suggest troubleshooting
options. There is also an option to adjust the screen view to accommodate several
images at the same time such as the surgical field alongside two other displays
accommodated by auxiliary inputs. This setup ensures that the manoeuvres made
by the surgeon are safer, more precise and steadier. Instruments and the endoscope
are manipulated and manoeuvred using the finger controls that replicate tremor
free movements within the abdomen (Figure 4B). The surgeon is able to control
two robotic arms/instruments simultaneous. At base of the console the surgeon has
various controls that allow the operator to manoeuvre the 3D endoscope with the
camera pedal and the EndoWrist® instruments during surgery (Figure 4C). The
toggle pedal allows the operator to switch between different robotic arms whilst
the foot-clutch allows the finger controls to be reset without any movement of the
instruments in the abdomen. There are also pedals at the base of the console that
allow the application of electrocautery through desired robotic instruments. Using

Figure 4.

The surgeon console. (a) The 3D viewer at the top of the surgeon console allow the operator to obtain an
optimal view of the surgical field whilst being provided with contemporaneous information on instruments
and energy devices. (b) Finger switches allow the operator to control the 3D endoscope, robotic instruments and
allow advanced surgical manoeuvres such a suturing. (c) The base of the console allow the operator to control
the endoscope in conjunction with the finger switches, switch between robotic instruments using the toggle pedal
and allow electrocautery through the robotic instruments (both monopolar and bipolar).
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the surgeon console the operator is able to simultaneously control the endoscope,
instruments and energy application.

5.2 Patient cart

The patient cart is the component of the robotic system that is in direct contact
with the patient and hence is required to be sterile draped prior to surgery. The
patient cart consists of 4 robotic arms and makes up the surgical component of
the robotic system. The patient cart has a display panel that allow for selection for
the type of surgery to be undertaken (e.g. upper abdominal and pelvic) and needs
to be selected prior to surgery. Once robotic ports have been inserted in an satisfac-
tory manner (see below) the patient cart is manoeuvred into position using the
handles (Figure 5A) and by utilising a spot laser in the helm of the cart the appro-
priate arm intended for the endoscope is positioned under the laser. This improves
the position of the four robotic arms. A second assisting surgeon is stationed at the
patient-side cart, in order to aid in the replacement of the robotic instruments and
utilising assistant ports.

The 4 robot arms are latched deriving from a remote centre and fixed in space.
This connection allows the surgical instruments and the endoscope to move freely
reducing the force exerted on the patient’s body to a minimum. Once the endoscope
is engaged further instruments can be inserted in through other robotic ports after
completion of docking (see below) and engaged in the remaining three robotic
arms. Each robot arm has a port clutch at the base that allows docking of the robot
port and for the instrument to swivel in a circular fashion and an instrument clutch
at the base the allows the instrument to in and out of the abdomen to the desired
length (Figure 5B). Pressing buttons on the instrument and replacing them with
the desired instrument accomplish instrument changes—the robotic system allows
the new instrument to be moved to within 3 mm of the position of the original
instrument.

5.3 Vision cart

The visual cart is the final component of the robotic system (Figure 3). It
contains an image-processing unit and a 24-inch touch screen monitor that allows
live annotation of the screen and also allows other theatre staff to observe surgery.

{a) (b}

Figure 5.

Tl'i‘ patient cart. (a) The visual pad on the patient cart that allows operator to set the type of surgery to be
performed and the handles that allows the patient cart to be moved around theatre. (b) A robotic arm with
an instrument in place. The port and instrument clutches can be utilised to move the instrument into the
corvect position. Setting set-up it must be ensured that the robotic arms are in the correct alignment to avoid
unnecessary collisions and clashes between arms.
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The cart also contains an electrosurgical unit, the light source for the 3D endoscope
and a series of racks for optional auxiliary surgical equipment such as recording
facilities.

6. Robotic liver surgery

As experience with major laparoscopic operations such as splenectomy and
colectomy has increased the interest in applying minimally invasive techniques to
liver resection were developed in tandem. Technical developments such as more
sophisticated energy devices and articulated laparoscopic staplers have enabled
surgeons to tackle liver resection laparoscopically in line with international recom-
mendations [15]. Specifically, as discussed above, lesions in the antero-medial
segments of the liver are particularly favourable for this approach. Some of the
major technical challenges in liver surgery include the access to the IVC and major
hepatic veins, dissection of a difficult hepatic hilum coupled with the propensity
for the liver to bleed during transection. These difficulties are magnified during
laparoscopic surgery due to the limitations in depth perception, restricted move-
ment with rigid instruments and fixed fulcrum at the ports, unnatural ergonomics
that can compound suturing to the liver particularly in presence of haemorrhage.
There is also a steep learning curve with laparoscopic liver surgery making its prac-
tice outside high-volume centres difficult although the same situation exists with
robotic liver surgery. As a result, the uptake of minimally invasive hepatectomy
has been understandably slow and cautious. However with increasing experience,
surgeons have gradually increased the difficulty and complexity of liver surgery
undertaken. This has developed from staging laparoscopy and de-roofing of simple
liver cysts to resecting lesions in accessible parts of the liver such as the left lateral
sector and wedge resections from the anteroinferior segments, to major hepatec-
tomies. However, certain liver procedures are considered technically challenging.
These include patient who have undergone previous surgery in particular upper
abdominal surgery/liver surgery, resections involving the caudate lobe, lesions in
the posterior portion of the liver and in patients requiring bile duct resection with
reconstruction. In 2008 following a consensus conference experts recommended
that laparoscopic resection should be considered in patients with solitary lesions,
lesions 5 cm or less and/or those lesions located in segments 2-6 [19]. Furthermore
the conference recommended that laparoscopic resection of liver segments 7, 8 and
1 was not standard practice. In part these recommendations were based upon the
access to and visualisation of these areas of the liver and resection of these areas of
the liver with rigid instruments. Moreover resection of liver lesions in the segments
VII and VIII are particularly challenging because of issues with surgical access
and the technical challenges in maintaining a curved transection lines throughout
surgery thereby maintaining margins and obtaining RO resection. Hence some
evidence suggests that such lesions are more likely to be resected using right hepa-
tectomy. Whilst oncologically this cannot be faulted it does necessitates the loss of a
significant amount of normal functioning liver mass [20]. The most recent guide-
lines however still suggest that laparoscopic and by extension robotic liver surgery
should not be considered for extended hepatectomies, when concomitant biliary
reconstruction is needed or when lesions involve major vascular structures [15].

In theory, robotic surgery is an ideal platform for telesurgery. The indications for
robotic hepatectomy are very similar to those for laparoscopic hepatectomy. Both
benign and malignant tumours can be resected robotically. Robotic hepatectomy
overcomes many of the problems inherent in laparoscopic surgery. In particular
instruments allow curved transection lines and better visualisation of the liver [21].
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Thus the greatest theoretical advantage of robotic hepatectomy may lie in sectoral,
segmental, or subsegmental resections in difficult to access positions that mitigate
against large incisions and extensive mobilisation required in an open approach. On
the other hand, major hepatectomies for malignant conditions, such as hilar chol-
angiocarcinomas, where large incisions are required for specimen extraction may
be better served by a traditional open approach although with improving robotic
technology these may soon follow under the indications for robotic hepatectomy.

Image guided surgery is an evolving entity in liver surgery. The premise of this
approach involves the use of pre-operative imaging being used to precision guide
surgery. Some fields in surgery, such as orthopaedic surgery, have built up a sig-
nificant amount of experience with this approach [22]. Essentially by using fixed
bony landmarks on the body pre-operative images can be used as part of computer
modelling systems to target organs and potentially lesion in real-time. Clearly the
use of a mandatory console as part of robotic surgery means that such image-guided
surgery can be made a routine part of surgery. For liver surgeons this would mean
pre-emptive appreciation of vascular structures and the ability to carefully plan
resection margins. However image-guidance surgery in hepatobiliary surgery
remains a nascent field and further technological advances required before its use
can be widely applied in robotic liver surgery.

7. Current advantages and disadvantages of robotic liver surgery

The utility of robotic liver surgery in part lies in the fact that it can overcome
some of the inherent difficulties associated with laparoscopic liver surgery.

For instances both these minimal access approaches to liver surgery entail long
operative times and in the case of laparoscopic liver surgery this involves endur-
ing unfavourable ergonomics during surgery primarily because of rigid laparo-
scopic instruments coupled with the primary operator having to remain scrubbed
at the table side for extended periods of time. In the robotic liver surgery the
primary operator being unscrubbed at the surgeon cart whilst operating and
tailoring the console ergonomics to suit their individual preference overcomes
these particular constraints. The benefits to the operating surgeon are clear
namely operating in an ergonomically comfortable position with a 3-D view of
the surgical field that aids depth perception. In addition the surgeon maintains
control of the endoscope mitigating unnecessary camera movements and ensur-
ing stable surgical views throughout the procedure. Robotic-assisted retractors
are also controlled by the operating surgeon and maintain their position until
further movement/retraction is required further avoiding inappropriate or
ineffective retraction. Furthermore the use of articulated instruments that
mimic the dexterity of the human hand allows for precise tissue manipulation
and suturing in restricted surgical fields at angles not possible with rigid instru-
ments. For instance Intuitive’s multi-functional da Vinci instruments incorporate
EndoWrist® technology (Figure 6).

The Endowrist® is incorporated into each Intuitive instrument (e.g. graspers,
needle drivers and energy devices) and has a greater range of movement than the
human hand. In addition robotic systems have in-built tremor reduction enhancing
fingertip control. The Endowrist® technology also facilitates curved transection
lines during liver surgery allowing for more complex liver resections to be per-
formed. The technology also allows for the creation of biliary and enteric anasto-
moses in restricted surgical fields. During robotic surgery the surgeon’s motions are
scaled so that small, precise movements are effected at the patient’s end which when
fashioning a hepaticojejunostomy has significant advantages.
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Figure 6.

Endowrist robotic instruments. Robotic instruments incorpovate Endowrist technology that allows the operator
to control various instruments via the fingers switches. The Endowrist allows more degrees of movement than
the human hand.

Emerging reports suggests that the learning curve for robotic surgery may be
shorter when compared with conventional laparoscopic surgery. However this may
be due to the fact that many surgeons have previously obtained proficiency with
laparoscopic surgery before engaging with robotic surgery. Currently complex lapa-
roscopic liver resections are generally performed by surgeons who are experienced
hepatobiliary/laparoscopic surgeons. Open surgical techniques are more readily
translated to robotics and thus surgeons who are expert in open hepatobiliary
surgery but not necessarily advanced laparoscopy may become proficient quicker
with robotic hepatectomy. Robotic surgery lends itself well to computer based
virtual reality training and as such trainee robotic surgeons may develop and attain
significant competence with the robotic platform prior to operating on real patients.
Such training systems have been developed and validated. Studies have found
that structured training exercises improved simulator performance, although the
translation to actual surgical performance has not been well studied [23]. Although
the robotic dual console is also a teaching tool that could help accelerate proficiency.
In addition port placement is more forgiving in robotic surgery as instruments
are not completely restricted by a rigid fulcrum and also compensated for by the
Endowrist®. The details of port placement are discussed further in Section 8 below.

Although the development of robotic surgery is developing quickly there are a
number of disadvantages with the current operating systems. The current genera-
tion of robots require a large amount of space in theatre to accommodate each of
the three components as well as the patient and anaesthetic equipment. In additions
bulky arms can prove difficult to manoeuvre in the space between theatre operating
lights. Spacious operating rooms are require and dexterity is limited by collision of
robotic arms (Figure 3). Importantly a skilled assistant is needed for suction, change
of instruments, application of argon plasma, and stapling. In addition if an assistant
portis required this will need the assistant to operate an instrument through it and
thus requires some element of laparoscopic skills. However newer robotic instru-
ments such as robotic suction devices, sealers, and staplers has eliminated the rou-
tine need for accessory ports and necessity of a skilled bedside assistant. Although
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the robotic equivalent of CUSA is eagerly awaited which is likely to improve the divi-
sion of the liver and the scope of liver surgery if and when available. Although there
is improved depth perception with the robotic platform there is no tactile feedback
and thus retraction force has to be judged and maintained by the operating surgeon.
Although not strictly a problem limited to robotic surgery if the patient position
requires adjustment this will often necessitates the robotic arms to be undocked, the
robot to be moved and the robot arms to be redocked (see below). This will add time
to the overall operating procedure and will also mean that an experienced theatre
team is needed to carry this out smoothly with no loss of sterility. For similar reasons
the ability to convert a robotic surgical procedure to an open procedure for emergen-
cies such as bleeding requires a skilled team that can coordinate undocking of the
robot, removal of the robotic instrumentation and conversion to laparotomy. The
latest Intuitive Xi robot that allows a greater simplicity in manoeuvring the robotic
components without having to move the operating table, patient cart or standard
theatre equipment has overcome many of these logistical issues.

Robot and robotic malfunction is a known phenomenon and many of these
problem require a replacement of robotic instruments [24]. One of the major disad-
vantages of robotic surgery is the high cost and this is multifaceted. Aside from the
purchase of the platform and equipment there are costs incurred for consumables,
surgeon and staff training as well as servicing costs for the robot. Although many
of these may be offset by shorter length of ITU stay and shorter hospital stay. One
of the limits of robotic HPB surgery is the need for specialised training, not only
for the primary surgeon, but also for the assistant surgeon and OR nurses, although
in some cases, the learning curve for specific robotic procedures has proven to be
shorter than the laparoscopic equivalent [25]. A specific issue for liver surgeons
is that at present only a limited number of instruments are available parenchymal
transection such as harmonic shears. Although these remain an efficient tool as
discussed above the development of a robotic CUSA would improve the mechanical
steps of the operation.

8. Technique of robotic liver resection
8.1 General consideration for patients undergoing liver surgery

All patients considered for robotic liver surgery should have the same workup
as for patients undergoing any form of liver surgery. Patients must have the physi-
ological reserve to tolerate general anaesthesia and a prolonged pneumoperito-
neum. In our institution all patients undergo cardiopulmonary exercise testing and
routine haematology, coagulation and biochemistry as part of anaesthetic workup.
General contraindications to laparoscopy such as uncorrected coagulopathy and
cardio-respiratory compromise should be observed. Furthermore patients should
be discussed in an appropriate multidisciplinary team meeting after cross-sectional
imaging and staging. In our institution all patient undergo Computed Tomography
(CT) of the thorax, abdomen and pelvis. We use MRI liver and CT-PET on a
patient-dependent manner. Patients also give informed consent for robotic surgery
and we quote a robot to open conversion rate of 10% in our unit based upon our unit
prospectively collected data.

8.2 Patient positioning and robot docking

Following general anaesthesia the patient is placed in the supine position and
strapped into position on the operating table. Depending upon the type of liver
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resection the patient may be kept in reverse-Trendelenburg position whilst supine
or placed in this position with legs parted. With the patient in the desired position
the optimal position for the ports is marked with a surgical pen. The general recom-
mendation is the robotic ports should be placed 15-20 cm from the target liver
segment/lobe. Importantly in laparoscopic surgery ports can be placed at various
points within the abdomen however in robotic surgery the ports generally need to
be placed in a horizontal line (Figure 7). Each port should be placed 7-10 cm apart
depending upon the patient’s abdominal girth. Additional assistant ports should be
placed 7-10 cm caudal to this horizontal plane of robotic ports. Due to the limited
degree of freedom of the Harmonic scalpel correct positioning of the instrument
through the assistant port is critical in order to follow the transection line particu-
larly for major liver resections. However with availability of the robotic Harmonic
scalpel does make this less of an issue. The patient positioning and trocar placement
vary depending upon the area of the liver to be resected. Trocars will be positioned
very high subcostal and lateral for the posterior superior segments or closer to the
transverse umbilical line for the anterior segments shifting towards the left or the
right depending on the lesion location. The same basic principle that applies to
laparoscopic surgery applies to robotic surgery that is to create adequate triangula-
tion with enough space in between the ports to avoid instrument clashing and aid
efficient movement of instruments. Sometimes this might require a switch of the
instrument in between the left and right operative arm.

We recommend an open/Hassan technique to inserted the optical robotic port to
establish pneumoperitoneum. Robotic ports are specialised metallatic ports. Once
pneumoperitoneum is satisfactory a diagnostic laparoscopy is performed in order to

Figure 7.

The placement of robotic ports for liver vesection. Demonstrates the robotic post placement for liver resection of
segment 2, 3, 4, 5, 6 and cholecystectomy. R1—4 represent the robotic arms. Each of these robots ports can be used
an optical port. Note the assistant port (A) is placed in the caudal position to provide optimal port placement.
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Figure 8.

Docking of the robotic ports. All robotic ports require to be docked to the robot arms on the patient cart prior to
their use. The metallatic extension on the povts is engaged with the robot port using the port clutch in a process
known as docking.

exclude the presence of metastases or occult disease. An IOUS is also performed in
order to have a better understanding of the size, number and location of the lesions
and their relationship to major vascular and biliary structures. Once confirmed
that the resection is to proceed the patient cart is brought into the surgical field. A
tracker laser is positioned over the optical robotic port to ensure that the robot is

in the optimal position. Further robotic ports are then inserted under direct vision
in the previously marked position. The metallatic extension on the robotic optical
port (present on all robotic ports) is then engaged onto the robot arm using the port
clutch—this procedure is known as ‘docking’ the robot (Figure 8). The endoscope
is then placed through the robotic port and engaged onto the top of the robotic arm.
By pressing the instrument clutch the endoscope is manovered into the peritoneal
cavity and is then used to visualise the target anatomy (e.g. liver lesion). The
targeting button is then pressed on to endoscope that then automatically places the
remaining robotic arms into optimal positions. The remaining robot ports are then
docked and the appropriate instruments inserted through the ports and engaged in
the robotic arms.

8.3 Surgical procedure

The precise liver procedure to be performed will be dependent upon the type
of liver resection to be performed. Below a description of anatomical and non-
anatomical liver resections is discussed.

8.3.1 Anatomical /major robotic liver vesection

Prior to any form of liver resection the central venous pressure is lowered to less
than 5 mmHg in order to reduce blood loss that is used in conjunction with reverse
Trendelenburg position for the same reason [26]. For anatomical or major robotic
liver resection there are three surgical steps that have been recommended for safe
resection outlined in Table 2 and are similar to open liver surgery.

For major robotic liver resections the falciform ligament is usually divided
with a vascular stapler or robotic stapler followed by a retrograde cholecystectomy
using the same principles of laparoscopic cholecystectomy. In the case of left
hepatectomy the left triangular ligaments can now be divided in order to mobilise
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the left lobe of the liver. A Nylon taped maybe passed at this point for future Pringle
use although this is not necessary in all cases [27].

Next the relevant hepatic pedicle is then dissected using a combination of
robotic monopolar hooks and/or bipolar forceps. For major hepatectomy the right
or left hepatic artery is dissected first and clearly identified. IOUS may be utilised
after selective clamping of the dissected artery to ensure satisfactory flow within
the future liver remnant. Once satisfactory flow is confirmed the desired artery
can be divided between prolene sutures, surgical clips or Hem-O-locks®. Next the
relevant portal vein is completely dissected and selective stitches or ligatures are
applied on the small branches if present. The portal vein is then divided between
robotic clips/Hem-O-locks or sutured with either 4-0 or 5-0 prolene. Generally an
extrahepatic dissection of the bile duct should be performed only when the anat-
omy is clear and confluence of the biliary ducts is low. In the latter ICG fluorescence
can be easily used at any point and can help identify the biliary anatomy and used
with the Firefly setting on the robotic system. For right hepectomy hepatocaval
dissection the subsequent step following hilar dissection. Specifically the lateral
reflection of the peritoneum is dissected using the hepatocaval plane as a guide. The
third arm of the robot can then be used and a retractor deployed to lift the inferior
surface of the right liver lobe to expose the IVC in analogous manoeuvre to open
surgery. The retrohepatic veins can be divided using either sutures or surgical clips.
Clips can also be placed for accessory hepatic veins of minor calibre or to further
The liver is progressively dissected off the IVC until the inferior aspect of the right
hepatic vein is visible and signals the end of this part of the dissection.

Transection of the liver is the last step of the operation. Parenchymal transec-
tion should follow the ischemic demarcation line and start at the anterior aspect of
Cantile lines for a right hepatectomy. Many retraction measures can be employed to
ensure effective retraction of the liver including stay sutures, rubber rings or surgi-
cal instruments. As discussed above many liver surgeons would consider robotic
harmonic scalpel as the tool of choice for parenchymal transection. Liver transec-
tion is performed layer by layer proceeding in a superficial to deep manner in the
same plane to maintain control of vessels and bleeding. Moreover superficial bleed-
ing can be controlled with appropriate energy devices whilst larger vessels may
require suturing and/or surgical clips. As the resection proceed deeper into the liver
most surgeons would utilise surgical stapling devices to control venous structures
such as segment 5 and 8 branches as well as the right/left hepatic vein. The liver
is then completely mobilised by sectioning the remaining peritoneal attachments
with assistance of the bedside surgeon. In the case of left lateral sectionectomy
following left triangular division robotic resection can be completed by remain-
ing lateral to the falciform ligament and completed parenchymal transection with
robotic harmonic scalpel and vascular staplers. For segmentectomy the relevant
portion of the liver is mobilised and IOUS used to identify selective pedicles prior
to transection.

Following transection the raw surface of the remaining liver should then be
examined for bleeding and bile leaks. At the end, haemostatic agents such as fibrin
glue, Surgicel®, argon plasma can be applied to the remaining surface as a sealant.

Step 1 Division of the Falciform ligament + cholecystectomy
Step 2 Portal pedicle dissection and liver mobilisation
Step 3 Liver transection

Table 2.

Suggested steps for major robotic liver resection.
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Finally, the specimen is placed in an endoscopic bag and extracted through a small
Pfannenstiel incision or through the site of a previous scar. Closed suction drains in
the subhepatic and subdiaphragmatic area is used. The robotic cart is removed from
the operative field, pneumoperitoneum is stopped and the trocars are extracted
under direct laparoscopic vision.

8.3.2 Non-anatomical robotic liver vesection

In our experience the Pringle manoeuvre has to be rarely used for NARs but
when there is a need to secure more control on the liver inflow, the hepatic pedicle
is prepared and a tourniquet is created using an umbilical tape. NARs are gener-
ally reserved for liver lesions that are superficial, subcapsular or easily visualised.
As discussed above the main tool used for parenchymal transection is the robotic
harmonic scalpel and it is ideally suited to perform NARs. Prior to commencing
transection the resection line can be marked with diathermy which also allows
the robotic harmonic scalpel to be positioned correctly and may mandate the
switching of the robotic harmonic scalpel between different robotic arms. As
described above transection is recommended to be performed in a layer-by-layer
fashion. The fourth robotic arm can be used to aid retraction such that there is
minimal traction on the lesion itself. Once the resection is completed haemostasis
is achieved with a combination of the robotic energy instruments and topical
haemostatic agents.

9. Current results of robotic liver surgery

Early experiences with using a robot in cholecystectomy demonstrated equiva-
lent results to the laparoscopic approach. These early surgical reports served to
show that robotic approaches were feasible for liver surgery [28, 29]. In most
institutions robotic cholecystectomy is reserved for those surgeons completing
approved training pathways/accreditation before commencing upon more complex
procedures. Generally for cholecystectomy robotic surgery does not offer any
significant advantage over the laparoscopic approach particularly when cost-benefit
is considered. Below we discuss the current results for robotic liver resection. On
reviewing the available literature it is evident that there are clear contraindica-
tions to the robotic liver surgery including invasion of major hepatic vessels and
extension into the diaphragm necessitating diaphragmatic resection. There is no
predetermined limit regarding the size of lesions that can be resected but very bulky
tumours presented a technical challenge.

NAR/segmentectomy 87
Left lateral sectionectomy 51
Left hepatectomy 31
Bisegmentectomy 12
Right hemihepatectomy 51
Right trisectionectomy 3
Other 2
Total 237
Table 3.

Types and frequencies of robotic liver resections.
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9.1 Results from robot liver resection

Due to the less complex nature of surgery the most common robotic liver pro-
cedures performed globally are minor hepatectomy; segmentectomies (29%), left
lateral sectionectomies (13%) and bisegmentectomies (9%). Table 3 demonstrates
the types and frequency of robotic hepatectomy.

This table illustrates the frequencies of the different types of robotic liver resec-
tions reported in the literature since 2013.

A recent meta-analysis published in 2013 has summarised the results of robotic
liver resection up to 2013 [30]. The reader is directed here for the early results of
robotic liver resection. In summary the number of major hepatectomies reported
in the literature increased as experience with robotic surgery improved. The overall
data suggested that robotic assisted liver surgery was comparable to both open and
laparoscopic surgery in terms of peri-operative and postoperative outcomes, as
well as oncologic efficacy. Complex procedures, such as extended liver resections
were suggested to be technically easier due to the intrinsic advantages of the robotic
system.

We discuss the results of robotic liver resection from 2013 to the current period.
A number of selected studies reporting outcomes for robotic liver surgery since
2014 are shown in Table 4. This list is an exhaustive but highlights the progress that
has been made worldwide in advancing robotic liver surgery. Achieving complete
resection margins in liver surgery is critical for disease- and recurrence-free
survival. It is currently still under investigation if minimal invasive techniques
with reduced haptic feedback result in the same oncological results as open surgery.
Unfortunately some studies still do not report complete resection rates (termed RO)
in their data. However reviewing studies from 2014 onwards most report RO resec-
tion rates of over 90% with many reporting 100%. The long-term outcome although
is not well reported and many of these studies have not had the necessary follow-up
time for this to be reported and this data is eagerly awaited. The limited studies that
have been published appear to report equivalent disease-free and overall survival
reported for HCC patients undergoing robotic-assisted versus laparoscopic liver
surgery [37]. Although as discussed above robotic liver surgery carry increased
costs the reported blood loss is in line with open and laparoscopic surgery and there
is reassuringly low open conversion rate that is equivalent to laparoscopic surgery.

As the experience with robotic surgery has increased more recent studies have
shown that the rate of major hepatectomy completed robotically has increased with
low mortality. The morbidity however needs to be carefully interpreted as many
studies report overall complications, that include minor complications, whereas as
other has reported major complications only.

10. The future of robotic liver surgery

The robotic platform has distinct advantages over open and laparoscopic surgery
and in some instances overcomes the limitations associated with these approaches.
In particular the 3-D view, improved images and increased dexterity of operating
improve the operators ability to carry out surgery without compromising patient
safety. As demonstrated in this chapter the safety and feasibility of robotic liver
surgery has been shown worldwide.

The future in robot liver surgery may lie in using this platform to perform more
complex liver surgery such as extended liver resections or by incorporating digital
technology into the operating system but most importantly the for the field to keep
evolving there is a real need for randomised clinical trials. This will allow definition
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of benefits and demonstrate the real advantage of this approach for both patients
and the surgical fraternity. The authors believe that will be the most effective route
to the wider dissemination of this technology.
11. Conclusions

The current data suggest that both major and minor robotic hepatectomy is a
safe and effective procedure with equivalent patient outcomes in terms of morbidity
and mortality and oncological resection. There remain some important limitations
to the wider dissemination of this technology principally around cost, some around
training and so with the platform itself. It is hoped that collaborations between
industry, academia and surgeons will overcome these problems allowing robotic
liver surgery to be practiced widely and deliver patient benefit.
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