ABojoisAydoinapN [pa1uld

Review Article

Clinical Neurophysiology of
Hepatic Encephalopathy

Piero Amodio, Sara Montagnese
Department of Medicine, DIMED, University of Padova, ltaly

Background/Objectives: Hepatic encephalopathy (HE) has relevant impact on the quality of life of patients and
their caregivers and causes relevant costs because of hospitalizations and work days lost. Its quantification is
important to perform adequate clinical trials on this relevant complication of cirrhosis and portal-systemic
shunting. Clinical neurophysiology, which detects functional alterations of the nervous system, has been applied
to the study of HE for over 60 years. This review aims at summarizing and clarifying the role of neurophysiologic
techniques in the study of HE. Methods: A narrative review was performed aiming at interpreting the cited papers
and the techniques on the basis of their physiological and pathophysiological meaning. Results: The potential
role of EEG, quantified EEG, evoked potentials—both exogenous, endogenous and motor—have been clarified
to the reader that may be unfamiliar with neurophysiology. Conclusions: The EEG, reflecting the oscillatory
changes of neural network is the preferable tool to detect and monitor HE, with the exception of its most severe
stage, when EEG flattens. SSEP and MEP have indication to detect and monitor transmission alterations that are
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likely related to myelin changes and microedema. (J Cuin Exp HepaToL 2014;5:S60-S68)

linical neurophysiology is the study of the central

and peripheral nervous systems through the

recording of bioelectrical or magnetic activity,
whether spontaneous or stimulated.

The neurophysiological investigation of hepatic en-
cephalopathy (HE) is generally performed by the electroen-
cephalogram (EEG) and the evoked potentials (EPs). Other
neurophysiologic techniques are Transcranial Magnetic
Stimulation (TMS) and Magnetoencephalography
(MEG). MEG is manly a research tool.

The EEG reflects the post-synaptic activity of pools of
the large pyramidal cells of the fourth layer of the brain
cortex and is extremely sensitive to the influence of toxic,
pharmacological and metabolic factors. In fact, these im-
pingue on electrogenesis and the oscillation of neural net-
works.

EPs reflect the electric summation of neuronal activity
related to sensory, motor stimuli or to cognitive processes.
Changes in the latency of sensory and motor EPs reflect
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changes in transmission time, or, in the case of cognitive
EPs, in activation/synchronization of cortical areas related
to cognitive processes. Changes in EPs amplitude reflect
changes in the synchronization and in the amount of the
activated neurons.

Clinical neurophysiological investigation can provide:
1) complementary information for the diagnosis of HE in
stuporose/comatose patients with liver disease, 2) informa-
tion to monitor the evolution of HE, 3) information about
the existence of covert HE, 4) prognostic information on
survival and on the risk of HE development over time.

THE EEG

HE is characterized by alterations of the oscillatory proper-
ties of brain neural networks.' These are easily revealed by
the EEG that displays a wide spectrum of abnormalities;
these alterations have been proven to be roughly related
to behavioral changes in HE.

There are two main components in the EEG: rhythmic
background activity and transients. In patients with HE,
the basic rhythmic activity of the EEG progressively slows
down. In addition, the reactivity of the wake EEG to eye-
opening reduces and finally disappears. Transients, the
most important of which are called ‘triphasic waves’, can be
observed in wake EEG of patients with moderate/severe
HE, but are not exclusive to this metabolic encephalopathy.

Minor EEG changes that might have
pathophysiological implications

A very initial stage of the wake EEG alterations seems to be
characterized by an increase of the amplitude of the alpha
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activity in the central areas of the scalp (anteriorization).”

Of note, this is a typical neurophysiological feature of
reduced vigilance in healthy individuals.” In agreement
with this finding, previous data—based on less accurate
EEG mapping technique—suggested an increase the
central-frontal alpha.’ Accordingly to Kullmann et al®
the very initial stage of HE may be also characterized by
an increase in frontal beta activity. However, as a rule,
beta activity decreases in more severe HE. N otably, already
about fifty years ago a decrease in the EEG amplitude with
replacement of alpha by beta rhythms was reported as a
feature of the very initial phases of HE.” Such observation
was neglected in subsequent studies, because a low-voltage
desynchronized EEG dominated by beta activity can repre-
sent a genetic feature and also the expression of anxiety or
alcohol misuse.®” Recent data obtained by an artificial
network/expert system showed a trend for an association
of low-voltage, high-beta EEG with poor prognosis and
bouts of HE, regardless of alcohol misuse.'” A role for
enhanced gabaergic tone can be hypothesized in relation
to the pathogenesis of this electric phenomenon,11 since
benzodiazepines increase the amount of the beta activity
of the EEG."” The relationship of wake EEG beta activity
and HE needs further formal study.

The typical EEG findings in HE

The main characteristics of the EEG features of HE are
summarized in Table 1 and Figure 1. Initially EEG slowing
does not characterize the whole of the EEG, and there are
only runs of theta activity. This is clearly captured by quan-
titative EEG, which does not detect a reduction in the
mean dominant frequency (MDF) of the EEG in, but
only an increase of theta activity in the posterior areas of
the scalp.7’l3’ls The MDF is a measure of the overall
frequency of an EEG interval (called epoch) and, on the

Table 1 EEG Changes in HE.

1. Normal or low frequency alpha rhythm (8.5 Hz) disturbed by random
waves in the theta range (4-8 Hz) over both hemispheres. Theta
waves are generally predominant in the temporal, parietal and
occipital derivations, but can also be observed in the frontal
derivations or be diffuse on the scalp. Eye opening reactivity can be
reduced

2. Background activity in the theta range (4-8) diffused over both
hemispheres. Random appearance of rare high voltage waves in the
delta range (<4 Hz). Eye opening reactivity is usually reduced or
absent. Bursts of intermittent rhythmic delta activity (IRDA) as well as
triphasic waves can appear

3. Severe disorganization of EEG activity without any normal element.
Asynchronous theta and delta waves diffuse over both hemispheres.
Triphasic waves are usual

4. High voltage arrhythmic delta activity

5. Arrhythmic delta activity decreases both in frequency and
amplitude

6. Flat EEG

computational point of view, is the mean power of each
frequency weighted by the frequency rate, according to
the formula:

| e
T

f-P(f)df

MDF = -100

0

Two kinds of transients are detectable in the EEG of HE,
triphasic waves and bursts of intermittent rhythmic delta
activity. The detection of these transients is more common
in patients with grade 2-3 HE, but they are not found in
deep coma.

Triphasic waves were first described by Bickford and
Butt'® as a feature of HE, but later they were observed
also in other metabolic or toxic encephalopathies.”’ They
are composed by a high-voltage (>70 mV), downward ori-
ented sharp wave that are preceded and followed by up-
wards oriented waves of relatively lower amplitude. They
tend to be diffuse and bilateral, with a degree of frontal pre-
dominance. They tend to repeat periodically every 1-2 s
(Figure 2).

An association between triphasic waves and white mat-
ter alterations has been recently found,'”'® therefore it is
possible that they may relate to the occurrence of white
matter edema. The occurrence of triphasic waves is a
marker of severe—however, not extremely severe—
encephalopathy and are, therefore, a marker of increased
risk of death.'”'*

Other transients that can be found in patients with HE
are burst of Intermittent Rhythmic Delta Activity (IRDA),
which are rhythmic slow-wave discharges with a frequency
of 1.5-4.0 Hz, localized mostly on the frontal derivations
(FIRDA) and very rarely over the posterior, occipital, ones
(OIRDA) (Figure 3). This activity is considered to reflect
subcortical functional changes. 19,20

The clinical use of the EEG in HE

The EEG can have a complementary role in the differential
diagnosis of confused or comatose individuals with liver
insufficiency/shunt in whom the diagnosis of HE is not
sure, since it is may orient the diagnosis to other disor-
ders.”' For example, the EEG is the only way to detect
loss of consciousness due to non-convulsive seizures. In
addition, it can be used to detect covert HE and monitor
the severity of HE in an objective way, regardless of patient
cooperation. This can be relevant in clinical trial.

Quantitative EEG

The grading of the severity of EEG alterations in HE can be
based on visual pattern recognition, but this approach has
limited reliability.”'" Grading based on the simple semi-
quantitative evaluation of the frequency of the background
principal EEG rhythm improves repeatability.'® Spectral
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Figure 1 The EEG changes in HE. From the left to right (A): a normal EEG; B: low frequency, frontalized alpha activity with random theta waves; C:
predominant theta activity with random delta waves; D: high voltage delta—theta activity with triphasic waves (inside circles), E: the EEG tends to flatten
(the high voltage waves are gasping artefacts). Personal observations obtained by Micromed equipment.
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Figure 2 Grade 3 HE in acute on chronic liver failure before MARS (on the left) and after MARS (on the right). On the left bursts of triphasic waves are
detectable. On the right triphasic waves disappear in parallel with improvement of metal state (from 3 to 1). (Personal observation obtained by a Mi-
cromed EEG equipment—Mogliano Veneto, Italy).
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Figure 3 A burst of intermittent rhythmic delta activity in a cirrhotic subject with a 7 Hz background frequency and clinical signs of grade one HE (Per-
sonal observation obtained by a Micromed equipment—Mogliano Veneto, Italy).

analysis of the digitalized EEG provides grading based on
the exact quantification of the EEG compo-
nents.”'*1*1922°2% Based on the relative power of
frequency bands and MDF over approximately 60 s of
EEG over posterior derivations, a classification was
obtained that has prognostic value both in terms of
survival and risk of development of overt HE'* (Table 2).
The value of such approach was recently confirmed”®
and a large, validated observational study proved that the
use of the MDF of the EEG improves the predictive value
of the MELD score.'**’

In well compensated cirrhotic patients the prognostic
value of minor EEG changes might be lower than in pa-
tients with advanced liver disease.'””® In fact, the
attribution to HE of any change of brain functional, as
well as of cognition, in these patients might be
questionable (i.e,, it may have low positive predictive
value), because the ‘a priori’ probability of HE is low.

Table 2 Risk of Developing Gross Overt HE or Dying, Based on
EEG Spectral Analysis Classification (Modified from Amodio
et al'%).

Episodes of confusion or coma Mortality
Grade Rate® Odds ratio (Clgs,) Rate® Odds ratio (Clgsy)
0 33 1 13 1
1 72 2.0 (1.06-3.65) 41 4.3 (1.8-10.1)
2-3 139 3.5 (1.9-6.6) 57 6.3 (2.6-15.1)

@Events x 100 patients/year.

THE MAGNETOENCEPHALOGRAM

The magnetoencephalogram (MEG) is a non-invasive,
non-hazardous technique measuring the associated mag-
netic fields emanating from the brain as a consequence
of the electrical activity that is produced by the same pro-
cesses generating the EEG. It provides functional brain
mapping with an excellent temporal resolution and allows
recording of subcortical activity. It is an expensive, barely
available research tool that has highlighted 1) the progres-
sive reduction of oscillatory properties of neural network
in parallel with the severity of HE*’; 2) the relationship be-
tween the reduction of the oscillatory properties of the cor-
tex and miniasterixes.”” In addition, the parallel decrease in
frequency of brain rhythms and critical flicker frequency
was considered to suggest a link between the two phenom-
eng, 3031

THE EVOKED POTENTIALS

The EPs can be classified as i) sensory or exogenous EPs (vi-
sual, auditory or somatosensory), ii) motor EPs, iii) cogni-
tive or endogenous EPs (also called Event Related
Potentials—ERPs).

The components of sensory EP (visual, auditory and so-
matosensory) are detectable even when the EEG is mark-
edly suppressed—flat EEG—in severe coma. At odds with
the EEG, short latency sensory EPs are not very much influ-
enced by d.rugs.z’z"%3 Thus, at least in principle, they are
appropriate tools to monitor grade 4 HE in the Intensive
Care Unit, where patients are sedated.
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Sensory EPs, as well as motor EPs, produce good esti-
mates of the transmission speed across different areas of
the nervous system, providing information on focal edema
and myelin fiber clysfunction.34’“’7 Therefore, it is
reasonable that they reflect some of the mechanisms that
may occur in patients with HE.

In contrast to sensory EP, cognitive EPs requires active
paradigms of cognitive stimulation and the cooperation
of the patients. They can reveal early brain dysfunctions8
or provide insight into cognitive processing.”

Visual evoked potentials (VEPs)

VEPs are subdivided according to the nature of the eliciting
stimuli into flash VEPs (fVEPs), pattern-reversal VEPs
(pVEPs) and movement-related VEPs (mVEPs)."’ VEPs la-
tency depends on multisynaptic neurotransmission from
the retina to the visual cortex. VEPs are influenced by optic
nerve diseases, demyelinating processes, disorders of either
subcortical or cortical neurons of brain hemispheres, meta-
bolic abnormalities and the use of psychoactive medica-
tions.”*" The latency of the P100 wave of pVEPs has
been used to monitor very mild HE*; severe HE cannot
be studied since pVEPs require patient cooperation. The
sensitivity of P100 latency was proved to be poor, because
no significant difference was observed before and after
TIPS insertion, in contrast, for example to the EEG
(Kuba et al, 1996).

In contrast to pVEPs, flashed-evoked VEPs (fVEPs) do
not require patient cooperation; therefore, they can be eli-
cited also in comatose subjects. The long-latency compo-
nent N3 of fVEPs shows a reversible prolongation in
latency which is parallel with the severity of HE; in addi-
tion, patients with grade IIl and IV HE show loss of N1 fol-
lowed by loss of P1.*

While the prevalence (about 40%) of fVEPs alterations in
cirrhotic patients with normal EEG and psychometric per-
formance may suggest a high sensitivity of this technique
in detecting HE, a clear prolongation of N3 is detected in
only 50-90% of the patients with overt HE.**** This
suggest that: i) fVEPs efficacy as a monitoring tool, is
limited, if any, ii) fVEPs may reflect some phenomena
which are related to HE, but not parallel to—its
behavioral features.

In HE related to acute liver failure, the latencies of the
late components of fVEPs (vz. N2, N3, P2) were found to
have some relationship with changes in intracranial pres-
sure, but the time-course of their changes were slower
than that of intracranial pressure chemges.45 The P1
component of fVEPs was used as an index of the occur-
rence of acute liver failure (HE) in an open, non-blind study
on acute hepatitis.* Therefore, present information does
not support the clinical use of fVEPs to monitor acute
HE, but justifies further studies on their applicability to
the neuromonitoring of acute liver failure.
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Brainstem auditory evoked potentials (BAEPs)

BAEPs are composed by five waves representing the activa-
tion of specific anatomical points along the auditory neu-
ral pathway: the cochlear nerve and nuclei (waves I and II),
superior olivary nucleus (wave III), lateral lemniscus (wave
IV), and inferior colliculi (wave V). One tracing from each
side is obtained. The interpeak latencies between waves I
and V or waves III and V are used as measures of brainstem
neurotransmission. BAEPs are prolonged in diabetes,
alcohol misuse and thiamine deﬁcier1C)/,47’48 which are
common in cirrhotic patients. BAEPs are a sensitive tool
to detect brainstem demyelination and neuronal loss in
Wilson's disease.”””” A considerable percentage of
cirrhotic patients present delay of I-V and of III-V
interpeak latencies® and therefore BAEPs were considered
as an index of minimal HE. In addition, BAEPs were found
to predict the development of overt HE,”’ suggesting a link
between brainstem neurotransmission and HE. This link
can be represented by microedema. BEARS have been
also used as outcome measures in clinical trials on HE
treatment.”” This use is questionable, since too many fac-
tors may influence brainstem neurotransmission and
some of them are unrelated to HE.

In agreement with the skepticism in considering BAEPs a
direct index of HE, there is the observation thatin acute liver
failure the prolongation of the III-V interpeak and to alesser
extent of the I-V interpeak was linked neither to the pres-
ence of the behavioral alterations nor to their evolution.*®

Present knowledge discourages the use of BAEPs to
monitor HE, even if they have the potential to detect
cortical-spinal alterations. In contrast, they seem useful
to detect and monitor hepatic myelopathy; however, the
relationship between Hepatic myelopathy and HE is not
clear. It is possible that Hepatic myelopathy is a risk factor
for HE or a non-behavioral dimension of the same syn-
drome, but this requires further investigation.” >’

Somatosensory evoked potentials (SSEPs)

SSEPs explore both nervous transmission from the me-
dulla oblongata to the cortex (central conduction time—
ie., the interpeak latency N13-N20-) and hemispheric
transmission (middle components of the EP), therefore
produce data related to the ones provided by BAEPs and
fVEPs, respectively. A minor prolongation of central con-
duction time in cirrhosis,””*® and therefore an alteration
in brainstem nervous transmission possibly due to
myelopathy or edema was confirmed by SSEPs. However,
the prolongation of the middle cortical components
(after P25) was found to be much more evident and
related with the impairment in neuropsychiatric status”’
and with the risk to develop overt HE in the follow up.59
These findings prove that HE influences hemispheric mul-
tisynaptic pathways more than subcortical brainstem
neurotransmission.” % ¢
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The same findings were confirmed in HE of acute liver
failure: the disappearance of the middle latency cortical
component (e.g., N70) precedes that of the earlier compo-
nents (e.g., N20 and P25) and the increase of central con-
duction time. However, the delay of middle latency
cortical components of SSEPs was found to be less sensi-
tive than that of the cognitive evoked potential P300 in
the model of HE caused by TIPS insertion,”” and no com-
parison with the EEG was produced for this indication.
The disappearance N20 might be an index of brain damage
so severe that it may be too late for liver transplanta-
tion.°"® Further research on the use of SSEPs for the
neuromonitoring of brain damage in acute liver failure is
required before definite conclusions can be drawn.

Motor evoked potentials (MEPs)

MEDPs are useful to improve the understanding of motor
abnormalities that are generally caused by myelopathy
associated to portal-systemic shunting.(’(’ Motor response
elicited by transcranial magnetic stimulation of the motor
cortex confirmed the existence of prolongation of the cen-
tral conduction time in cirrhotic patients (in agreement
with BAEPs and SSEPs findings), and showed that changes
in motor cortex excitability may exist in cirrhotic pa-
tients.”>”*®”  Despite the opinion that MEPs may
represent a tool to detect and monitor HE,“® it should be
clear which brain change is studied, otherwise the assump-
tion is simplistic.

The endogenous event related potentials (ERPs) reflect the
activation of brain areas due to cognitive processes. They
are relatively, but not absolutely, independent of stimuli
features, but sensitive to the cognitive paradigm is pre-
sented. The most used paradigm used to elicit cognitive
phenomena is the oddball task in which individuals are
exposed to a series of standard visual or auditory stimuli
in which small amounts (15 or 20%) of deviant stimuli
(odd) are randomly nested.”” Subjects can be simply
exposed to the sequence of stimuli (passive task), or asked
to detect the target stimuli (active task). The passive and
the active tasks evoke different ERPs components.m The
most studied component evoked by the active oddball
task is the parietal P300 or P3b (Figure 4).°”” P300 is a
large positive component evoked by target (rare)
stimuli.®” The functional rule attributed to this compo-
nent is the context-updating of mental representation
when a deviant stimulus occurs.®””! P300 latency reflects
the time needed to stimulus categorization and P300
amplitude reflects both the activation and the
synchronization of cortical areas used for the execution
of the task.”>”?

The use of P300 latency elicited by active auditory
oddball paradigm was advocated as a tool to detect the
onset of HE in several studies.”®”””® Present knowledge
supports the conclusion that in HE P300 latency is

Figure 4 Potentials evocated by the auditory oddball paradigm in two
age-matched subjects: a normal one (on the top) and a cirrhotic patient
with minimal HE (on the bottom). The lines marked with flags represent
the response elicited by the deviant (target and rare) stimuli, the other
ones the responses elicited by the frequent stimuli. The peak of P300
in the normal subject is about 300 ms from the onset (three squares
of 100 ms), in the patient with minimal HE the peak of P300 is about
480 ms. Personal observations obtained by a Micromed EEG equip-
ment—Mogliano Veneto, Italy).

significantly more prolonged in HE then in normal
subjects and, therefore the stimulus categorization time
is prolonged. However, the value of P300 prolongation as
a marker of the risk of the occurrence of overt HE in the
follow up was found to be lower than that of the EEG
(positive predictive value 53 vs. 75%, negative predictive
value 81 vs. 86%).””

In addition, the clinical usefulness of this tool is limited
by the followings: i) P300 latency is age-related,” and
therefore studies based on fixed cut off values are biased,
ii) a relevant (5-10%) proportions of individuals—also
healthy subjects—do not produce a reliable P300. Usually
P300 is computed by the averaging of a number of trials;
however, it is possible to compute P300 also on single tri-
als.*” Recently, using this approach, we have proven that
patients with minimal HE have an increased latency vari-
ability of single trial P300.”” This contribute to explain
to reduction in P300 calculated by averaging techniques
and highlights the variability of responses typical of mini-
mal HE, which was also detected by psychometric testing.®'

In conclusion, despite its theoretical interest, P300 la-
tency is not recommended as a routine technique to detect
and monitor minimal or covert HE by the ‘International
Society for Hepatic Encephalopathy and Nitrogen Meta-
bolism’ (ISHEN) consensus.””

Recently mismatch negativity was proposed as a good
diagnostic tool for minimal HE, also because it is indepen-
dence of age79 and reflects a precocious phase of the
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attentional processes, and these are altered in minimal
HE.* The clinical use of this potential is even more diffi-
cult and problematic than that of P300, since its elicitation
is not constant and its measurement difficult.

Other cognitive potentials can be elicited by ad hoc
cognitive tasks to reach insight into the time course of
cognitive processes. For instance, the use of N2pc, which
is a potential related to attention orientation, allowed to
confirm early attention alterations in cirrhotic patients,
and to prove that the impairment of top-down cognitive
processes is higher than that of the bottom up processes.39
Other cognitive event related potentials explore the activa-
tion of motor areas after the presentation of a cognitive
tasks requiring a motor response. The Readiness Potential
was found to be reduced in amplitude in cirrhotic patients;
therefore, defective activity of the cortical areas implicated
in the preparation of movement was suspected.”**> The
Lateralized Readiness Potential, which is elicited
contralaterally to hand movement, has been used to
separate the interval between stimulus presentation and
motor response. By this tool we could prove that
selection defects (cognitive phenomena preceding motor
activation) precede motor alterations in cirrhotic
patients.”>®° Also, the study of the potentials evoked by
the inhibitory control task allowed to discover the
existence of a very initial phase of minimal HE in which
there is an increased recruitment of cortical areas to
maintain cognitive performance.”’

All these techniques, based on the elicitation of poten-
tial during cognitive tasks, have mostly research interest,
since they help defining cognitive processes. Their use in
routine clinical practice for diagnosis or monitoring pur-
poses, if any, is limited.

CONCLUSIONS

Neurophysiological tools reflect changes in signal trans-
mission (mainly the exogenous potentials), cognitive phe-
nomena (exogenous event related potentials) and cortical
networks oscillatory dynamics (EEG and MEG) which are
altered by HE. Therefore, they provide the opportunity to
detect and monitor brain changes occurring in HE.

The EEG is the technique with most clear potential for
clinical applicability in the study of HE. SSEP and MEP,
which reflect transmission defects caused by myelin alter-
ations and/or edema, have clinical potentials to detect
such conditions.
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