®

Check for
updates

Disorders of Consciousness

46

Oriano Mecarelli, Marianna Brienza, Antonello Grippo,

and Aldo Amantini

46.1 Anatomo-Pathophysiology

of Disorders of Consciousness

Disorders Of Consciousness (DOC) result from failure of the
arousal system. The current knowledge regarding the
anatomo-physiology of vigilance dates back to the 1930s and
1940s, owing to the elegant experiments performed by
Bremer [1] and Moruzzi and Magoun [2]. Observing cats
with their brainstem sectioned between the pons and mid-
brain and in the lower part of the bulb, Bremer discovered that
rostral section caused a clinical state and an EEG similar to
that of sleep (with characteristic synchronised EEG sleep
rhythms), while animals with caudal section remained awake
but with desynchronised EEG rhythms. Many years later,
Dempsey and Morrison [3] demonstrated the presence of a
system of non-specific projections (independent from specific
sensory nuclei) from the thalami to all the cortical regions.
This concept was further demonstrated by Moruzzi and
Magoun [2], who observed that the electrical stimulation of
the medial mesencephalic tegmentum and of the adjacent
areas caused the awakening of slightly anesthetised animals,
with corresponding EEG desynchronisation as in normal
awakening, in response to sensory stimuli. The sites that
induced awakening upon stimulation consisted of a series of
neuronal stations extending from the non-specific nuclei of

O. Mecarelli (P4)

Department of Human Neurosciences,
Sapienza University of Rome, Rome, Italy
e-mail: oriano.mecarelli@uniromal..it

M. Brienza

Department of Human Neurosciences,
Sapienza University of Rome, Rome, Italy
e-mail: marianna.brienza@uniromal..it

A. Grippo - A. Amantini
SODc Neurofisiopatologia, Dipartimento Neuromuscolo-Scheletrico
e degli Organi di Senso, AOU Careggi, Florence, Italy

Unita di Riabilitazione Neurologica,
Fondazione Don Carlo Gnocchi, IRCCS, Florence, Italy
e-mail: antonello.grippo@unifi.it; aldo.amantini @unifi.it

© Springer Nature Switzerland AG 2019

the medial thalamus to the caudal midbrain. These areas cor-
responded to the complex system of the ascending reticular
formation, a system that is widely innervated by axon collat-
erals of the ascending sensory systems and is, therefore, in a
state of tonic activation. Moreover, since this region, in par-
ticular the medial thalamus, projected widely to the cerebral
hemispheres, the concept of a Reticular Activating System
(RAS) that maintained the waking state originated,
which inactivation led to a state of unconsciousness. Despite
several experimental disagreements [4], the paramedian
upper mesencephalic tegmentum and the lower diencephalon
began to be considered as the brain system responsible for
arousal. The anatomical boundaries of RAS in the upper mid-
brain are indistinct, since it is scattered throughout the para-
median regions of the rostral part of the pons and of the
mesencephalic tegmentum. In the thalamus, RAS includes
the posterior, paramedian, parafascicular and medial portions
of the centromedian and intralaminar nuclei. In the brainstem,
RAS includes the nuclei of the reticular formation, which
receive collaterals from the spinal and trigeminal-thalamic
pathways and project widely to the entire cortex, and other
key structures for arousal, including the raphe nuclei, locus
coeruleus, substantia nigra pars compacta, ventral tegmental
area and the mesopontine tegmentum, the latter including the
pedunculopontine and laterodorsal tegmental nuclei. These
nuclei extend throughout the brainstem, sending ascending
and descending signals to influence arousal. Furthermore,
their dendrites are positioned in the brainstem such as to
detect signals that pass to and from the periphery. The den-
drites of these neurons form web-like “reticula” around the
passing axons and they can detect a wide variety of external
sensory or internal thalamic stimuli passing through the sur-
rounding structures. Therefore, these reticular neurons are
positioned strategically to respond to both external and inter-
nal signals in the control of arousal [5, 6] (Table 46.1).

The sensory stimulation has therefore a double effect;
conveying information from somatic structures to the cortex
and activating the regions of the central nervous system on
which consciousness depends. Moreover, the cortex does not
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Table 46.1 Neuroanatomical structures for the regulation of arousal and REM sleep

Function Neuroanatomical structure Target Neurotransmitter
Promotion of arousal | Reticular formation of brainstem Nucleus pontis oralis GABA
Caudal raphe nuclei (medulla and Spinal cord Serotonin
caudal pons)
Rostral raphe nuclei (median and Cortex, basal forebrain, locus coeruleus, thalamus, Serotonin
dorsal) hypothalamus, reticular formation, parabrachial and
precoeruleus nuclei
Locus Coeruleus (rostral pons) Prefrontal cortex, ventral tegmental area Norepinephrine
Parabrachial and precoeruleus nuclei Lateral hypothalamus, substantia innominata Glutamate
(dorsolateral pons)
Pedunculopontine nucleus/laterodorsal | — Motor cortex Acetylcholine
tegmental nucleus (midbrain and pons) | — Nucleus pontis oralis GABA
— Basal forebrain Glutamate
Ventral tegmental area (midbrain) Septal area; nucleus accumbens; amygdala; piriform, Dopamine
prefrontal, cingulate, entorhinal cortices
Posterior hypothalamic nucleus Locus coeruleus, nucleus pontis oralis Orexin
Lateral hypothalamic nucleus Tuberomammillary nucleus, dorsal raphe nuclei, Orexin
laterodorsal tegmental nucleus, thalamus, basal
forebrain
Tuberomammillary nucleus Diagonal band of Broca, ventral tegmental area, pars Histamine
(hypothalamus) compacta of substantia nigra, parabrachial nucleus,
cortex
Modulation of Specific and non-specific thalamic Diffuse cortical and subcortical connections Glutamate
arousal nuclei
Diagonal band of Broca — Ventral tegmental area Histamine
— Cortex Acetylcholine
Promotion of REM Reticular formation of brainstem Nucleus pontis oralis Acetylcholine
sleep
Pedunculopontine nucleus/laterodorsal | Nucleus pontis oralis Acetylcholine
tegmental nucleus (midbrain and pons)
Pars compacta substantia nigra Dorsal striatum Dopamine
(midbrain)
Tuberomammillary nucleus Tuberomammillary nucleus Glutamate
Promotion of arousal | Diagonal band of Broca Cortex Acetylcholine
and REM sleep
Magnocellular preoptic area/substantia | — Cortex Acetylcholine
innominata — Lateral hypothalamus Glutamate
Nucleus basalis of Meynert/median Cortex Acetylcholine
septum/globus pallidus
Inhibition of REM Rostral raphe nuclei (median and Cortex, basal forebrain, Serotonin
sleep dorsal) Locus coeruleus, thalamus, hypothalamus, reticular
formation,
Parabrachial nucleus
Thalamic reticula nucleus Nucleus pontis oralis GABA
Hypothalamic dorsocaudal nucleus Ventral oral pontine reticular nucleus GABA

limit to receiving stimuli from the RAS, but also modulates
these input information through corticofugal projections
towards the reticular formation.

Other anatomical structures more recently considered
as fundamental in maintaining the state of consciousness,
especially in the transition across the DOC continuum, are
the basal forebrain and the hypothalamic systems, that par-
ticipate in the constitution of the “mesocircuit model”.

The mesocircuit model postulates that the anterior fore-
brain function is markedly downregulated in all severe brain
injuries, as a result of widespread disconnection or neuronal
death. A crucial role is proposed for neurons within the cen-

tral thalamus that are known to show progressive deafferenta-
tion in proportion to the severity of structural brain injuries
[7]. At the mesocircuit level, a broad reduction in corticostria-
tal, thalamo-cortical and thalamostriatal outflow is expected
to produce sufficient loss of afferent inputs to the Medium
Spiny Neurons (MSNs) of the striatum, to prevent these neu-
rons from reaching their firing threshold [8]. The direct deaf-
ferentation of central thalamic neurons and the active
inhibition of some of these cells by the internal globus palli-
dus, due to loss of their active inhibition by the MSNs in the
striatum, cause a large reduction in the synaptic activity of the
entire brain, as reflected by the very low cerebral metabolic
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rates typical in patients with DOC [9]. As evidence of the
important role of the anterior forebrain mesocircuit, the
expressed behaviour and level of conscious content increase
with restoration of its normal patterns of activity [10]. This
model can also explain some of the effects of different acti-
vating drugs used in DOC [11] and novel strategies, such as
Deep Brain Stimulation (DBS), all of which have the effect of
restoring activity of cortical frontal, striatal and central tha-
lamic neurons [12]. It also draws a direct connection across
similar shifts in frontal cortical and striatal activation during
the sleep—wake cycle and the paradoxical behavioural activa-
tion observed during the early stages of anaesthesia [13].

Large reductions of arousal level in normal individuals
involve broad hyperpolarisation of these neurons via with-
drawal of excitatory neuromodulatory influences from orex-
inergic, cholinergic, noradrenergic, and other brainstem,
basal forebrain and hypothalamic systems [14, 15]. Such
hyperpolarisation of cortical and thalamic neurons, as pro-
gressively occurs across the deeper stages of sleep or with the
broad inhibitory effects of anaesthesia, markedly changes the
firing patterns of these neuronal populations, influencing the
overall pattern of cortico-thalamic dynamics towards more
synchronous and dynamically stereotyped waves of activity
as compared with the more spatio-temporally differentiated
patterns associated with wakeful conscious state [11].

EEG is important for the assessment of waking state, since
the electrical activity of cerebral cortex depends on the charac-
teristics of the thalamo-cortical discharge system, an indis-
pensable component for the maintenance of wakefulness. As
already described in Chap. 2, the electrical activity recorded at
the surface of the skull depends on the summation of the syn-
aptic potentials arising in the dendrites of cortical neurons;
therefore, EEG rhythms depend on the synchronisation of the
waves derived from the summation of the synaptic potentials
generated by the activity of thalamo-cortical neurons. In turn,
the rhythms of thalamic activity depend on the important
properties of thalamic retransmission neurons, which can be
found in two different physiological states: the transmission
mode and the burst mode. In the former case, the membrane
potential of a retransmission neuron is close to the discharge
threshold and the excitatory synaptic potentials generated by
the afferent signals produce a discharge, the characteristics of
which are related to those of the sensory stimulus. In the latter
case, thalamic neurons are hyperpolarised by inhibitory affer-
ent signals. Thalamic retransmission neurons possess a special
voltage-dependent calcium channel that is inactive when the
membrane potential is close to the threshold. Conversely,
when the retransmission neuron is hyperpolarised, the excit-
atory synaptic potentials generated by the afferent signals
determine the transient opening of these calcium channels and
the appearance of a calcium current that carries the neuron
membrane potential beyond the threshold necessary for the
genesis of the action potential. As a consequence, the neuron

generates a burst of action potentials causing a further opening
of the calcium channels, until the amount of calcium entering
the cell is no longer sufficient to trigger a potassium current
that hyperpolarises the cell, returning its potential to the initial
level at which a new burst-mode cycle is generated. The tha-
lamic retransmission neurons are initially hyperpolarised,
due to their mutual interactions with GABAergic inhibitory
interneurons of the reticular nucleus of the thalamus, whose
dendrites receive collaterals from the axons of the thalamo-
cortical and cortico-thalamic neurons that pass through the
nucleus. Neurons of the reticular nucleus hyperpolarise the
thalamic retransmission neurons; thus, their ability to reach
the threshold of discharge in response to afferent sensory sig-
nals depends on the activity of the neurons of the reticular
nucleus; when they are hyperpolarised, both retransmission
and reticular neurons enter the burst mode.

In retransmission neurons, afferents from the reticular
nucleus generate inhibitory synaptic potentials that remove
the inactivation of calcium channels; subsequently, modifi-
cation of the membrane potential generates a burst of action
potentials. In turn, thalamic retransmission neurons send
excitatory signals to the reticular neurons, which trigger
another burst of activity in the reticular neurons. The conse-
quent rhythmic and synchronous discharge of the thalamic
retransmission neurons produces waves of excitatory synap-
tic potentials at the level of the dendrites of the cortical neu-
rons. Depolarisation cycles are recorded as slow and
rhythmic EEG waves, and this pattern indicates that the thal-
amus is unable to retransmit sensory information to the cor-
tex. This type of EEG pattern is observed during deep sleep,
but also in pathological conditions characterised by the
blockage of the thalamo-cortical transmission, as in coma
state. On the contrary, when the thalamus is in transmission
mode, as during wakefulness, the desynchronised EEG trace
indicates that information regarding sensory stimuli is being
relayed. During the normal waking state, the thalamus is
maintained in the transmission mode by cholinergic afferents
from the rostral pons and from the basal forebrain. The main
cholinergic afferents to the thalamic retransmission nuclei
originate from the peduncle-pontine nucleus and from the
laterodorsal tegmental nuclei of the brainstem. These nuclei,
together with the cholinergic neurons of the basal forebrain,
innervate the reticular nucleus of the thalamus, reducing its
activity, and thus preventing the hyperpolarisation of the tha-
lamic retransmission neurons during the waking state [16].

Knowledge of these anatomo-physiological mechanisms
is of fundamental importance in understanding the neuro-
pathological bases of the different types of brain lesions that
can cause coma and in making a correct diagnosis of the
lesion site. It is known that structural abornalities in different
brain regions may have different clinical and electrophysio-
logical aspects. Brainstem sections under the rostral pons
have no influence on the state of consciousness; however,
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acute sections above the inferior colliculus, as well as those
of the paramedian reticular formation of the midbrain,
always cause coma, even if circumscribed. Posterolateral
hypothalamic lesions interrupt the branch passing through
the hypothalamus and cause a marked EEG slowing and the
induction of coma, even if the branch passing through the
thalamus remains intact. In contrast, injuries to the thalamus
or its afferents from the reticular nucleus prevent the brain
from maintaining a desynchronised or waking state. If the
lesions are sufficiently extensive, the EEG rhythm may com-
pletely disappear.

46.2 Coma, Vegetative State,
and Minimally Conscious State

Coma is defined as a state of deep, unarousable unconscious-
ness; the patient lies with eyes closed and, as coma deepens,
responsiveness to acoustic and/or painful stimuli diminishes
or completely disappears [17]. Coma should be considered a
self-limiting or transitory condition that usually resolves
within 2—4 weeks, evolving into: partial or complete recov-
ery; Vegetative State (VS) or Minimally Conscious State
(MCS); death [13].

The causes of coma can be classified in two principal
groups: structural brain diseases and diffuse neuronal dysfunc-
tion [18]. Structural brain lesions include Space-Occupying
Lesions (SOL) and all conditions of increased intracranial
pressure (tumours, abscesses, cerebral oedema, hydrocepha-
lus), anoxic-hypoxic brain disease, epidural or subdural hae-
matoma, cerebral haemorrhages, and acute ischaemic stroke.
SOL are also characterised by their location above or below
the cerebellar tentorium and are classified as supratentorial or
infratentorial brain lesions. Structural brain diseases can also
be induced by sepsis, CNS infections, or status epilepticus. A
condition of diffuse neuronal dysfunction responsible for
coma can be caused by different metabolic syndromes (hypo-
or hyperglycaemia, hyponatraemia, hypercalcemia, hepatic
and renal failure, thyroid diseases) or toxic agents (sedatives,
opioids, toxic alcohols, carbon monoxide).

Vegetative state is a condition characterised by the absence
of responsiveness and awareness due to a massive dysfunc-
tion of the cerebral cortex of both hemispheres, with suffi-
cient integrity of the diencephalon and brainstem to preserve
autonomic and motor reflexes and sleep—wake cycles. VS
patients have spontaneous eye-opening movements (because
the reticular activating system is intact ) and completely or
partially preserved hypothalamic and brainstem functions.
The eyes are open during wake and closed during sleep, and
ocular movements, such as blinking, roving and nystagmus,
are present; breathing is spontaneous.

However, these patients show no evidence of sustained,
reproducible, purposeful, or voluntary behavioural response
to various stimuli, and there is no evidence of language com-

prehension or expression. Cranial nerve functions and spinal
reflexes are variably preserved, as is the sleep-wave cycle,
but there is no control of the sphincters, leading to bowel and
bladder incontinence. It is recommended not to use the term
“persistent” for VS; aetiology of the brain injury (traumatic
or non-traumatic) and the duration of the VS should
instead be specified. The clinical course and outcome of VS
depend on its cause: acute traumatic and non-traumatic brain
injuries, degenerative and metabolic brain disorders, or
severe congenital malformations of the CNS. Recovery from
a post-traumatic VS is unlikely after 12 months (and more
unlikely in adults than in children), while recovery from a
non-traumatic VS after 3 months is rare in both adults and
children. Finally, patients with metabolic diseases or con-
genital malformations who remain in a VS for several months
are unlikely to recover consciousness [13, 19, 20].

Minimally conscious state must be distinguished from
VS. It is a chronic condition consequent to a severe diffuse
brain damage, characterised by an altered state of conscious-
ness and a diminished - but demonstrated - self and environ-
mental awareness. This condition may represent a transitional
state reflecting clinical improvement following coma or a VS
or, conversely, a progressive deterioration of consciousness
as in neurodegenerative disease [13, 21].

In comparison with VS, thalamic lesions are less preva-
lent in MCS, and the relative sparing of cortico-thalamic
connections could explain the minimal preservation of cog-
nitive processes. Behavioural features of MCS patients are:
response to simple commands and questions (gestural or
“yes-no” responses); intelligible verbalisation in response to
the linguistic content of questions; reaching for and grabbing
objects, recognising their position; recognising the shape and
size of objects; pursuit eye movement or fixation on moving
objects; appropriate smiling or crying. However, the behav-
ioural responses to stimuli are inconsistent and sometimes
even ambiguous.

MCS was recently subcategorised according to the com-
plexity of patients’ behaviour: MCS plus describes high-
level behavioural responses (i.e. command execution,
intelligible verbalisation, or non-functional communication);
MCS minus describes low-level behavioural responses (i.e.
visual pursuit, localisation of nociceptive stimulation, or
contingent behaviour such as appropriate smiling or crying
in response to emotional stimuli) [22].

46.3 Differential Diagnosis Among
Consciousness Disorders

VS and MCS should be placed in differential diagnosis with
Akinetic Mutism (AM) and Locked-In Syndrome (LIS).
AM was first described in 1941 by Cairns and colleagues
[23] as a mental state in which patients lose the ability to
move or to speak. This condition could be explained by dam-
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Table 46.2 Clinical and EEG characteristics of disorders of consciousness

Clinical
condition Consciousness Awareness Vegetative functions Motor response EEG features
MCS Partially Preserved Preserved Variable/finalistic Aspecific alterations;
compromised movements reactivity +
VS Absent Preserved Preserved Present but afinalistic | Aspecific alterations;
reactivity *
Coma Absent Absent Partially compromised | Reflex/postural Aspecific and/or peculiar
responses patterns; reactivity +
BD Absent Absent Absent Absent Electrocerebral inactivity
(only spinal reflexes)
LIS Preserved Preserved/partially Preserved/partially Tetraplegia, Normal EEG
compromised compromised pseudobulbar palsy

MCS Minimally Conscious State, VS Vegetative State, BD Brain Death, LIS Locked-In Syndrome

age to the frontal lobe or by the interruption of the complex
frontal-subcortical circuits by stroke or degenerative disease
[24]. In AM, differently from MCS, speech and movements
may be facilitated by exposure to high-intensity sensory or
personally salient stimuli.

LIS is a rare and severe condition caused by damage to
cortico-spinal and cortico-bulbar pathways due to brainstem
lesions. Patients are conscious but cannot respond or move;
all voluntary muscles are paralysed, except those used for
vertical eye movements and blinking. LIS can be misdiag-
nosed if the loss of speech and movements is attributed to
consciousness impairment. Furthermore, in some cases, LIS
may appear to be a VS or MCS at the acute stage, and
may only subsequently evolve into the classic LIS features
[12]. Most patients in a LIS show an EEG wake pattern simi-
lar to that of normal individuals, with preserved conscious-
ness. Thus, the EEG pattern observed in LIS must not be
interpreted as an alpha coma pattern and EEG findings may
be helpful in differentiating LIS from coma (Table 46.2).

46.4 C(linical Examination of Comatose
Patients

Although the clinical definition of coma is universally
accepted, the set of causes that underlie this complex condi-
tion and the lesion sites are wide, which justifies the great
corollary of possible clinical manifestations. Moreover, a
careful clinical examination can often be very useful in indi-
viduating, with sufficient precision, the level of the lesion.
It is easy to understand that the first clinical approach to a
comatose patient depends strictly on the most probable cause
of coma (traumatic, metabolic, anoxic, etc.) and the length of
time since the condition has been established, which
should not be deduced from only a general physical exami-
nation. Alterations in body temperature (fever or hypother-
mia), cardiac activity and blood pressure, skin appearance,
and the breath odor are important to the physician when
addressing the possible causes of coma. For instance, the
presence of multiple contusions and cerebrospinal fluid oto-

rhinorrhaea are suggestive of traumatic injury; cyanosis indi-
cates hypoxia; petechiae are characteristic of systemic
infections or haematological diseases; blood pressure and
heart rate may be altered in the case of endocranial hyperten-
sion; certain breath odors may be suggestive of renal or
hepatic dysfunction or alcohol intoxication. Furthermore, the
presence of rigor nucalis should always be investigated, in
addition to all other signs of meningeal irritation.
Neurological examination should, therefore, test the func-
tionality of the main systems involved in the maintenance of
consciousness and, at the same time, identify any other local-
ising signs. In comatose patients, the hemispheres can only
be examined by assessment of responses to sound, touch and
nociceptive stimuli [25]. The state of consciousness is
assessed by the responsiveness to environmental stimuli.
Two important aspects of the state of consciousness must be
evaluated: the level of consciousness, depending on the
patient’s ability to awake and the content of consciousness,
depending on the relevance of the patient’s responses. In
assessing the level of consciousness, it is necessary to deter-
mine the intensity of the stimulation required to arouse the
patient: the grading system, from verbal responsiveness to
localising responses, non-localising responses and no
response, is all needed for the initial assessment of the depth
of unresponsiveness, used also to monitor the progress of the
clinical status. In case of no response to voice or vigorous
shaking, a painful stimulus should be applied to obtain infor-
mation regarding the laterality of the motor response.
It should begin with a modest, lateralised stimulus
(compression of the nail beds, the supraorbital ridge, the
temporomandibular joint) performed bilaterally and, in the
case of no response, a more vigorous midline stimulus may
be given in the form of a sternal rub [17]. Patient responses
are noted and graded in the specific sections of the Glasgow
Coma Scale (GCS). An essential part of neurological exami-
nation, especially for its high value in localising brainstem
lesions, is the evaluation of cranial nerves and breathing pat-
terns. The most important aspects are: pupillary shape, reac-
tion, and diameter; ocular movements; oculovestibular
reflexes. Pupil dilation is mediated by the orthosympathetic
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innervation of the iris from the superior cervical ganglion.
The preganglionic neurons are located in the cervical part of
the spinal cord and are under the control of tonic excitatory
signals from the hypothalamus. In case of diffuse alterations
of the forebrain, the pupils are myotic but reactive to light.
Pons lesions can result in a marked myosis with preserved
pupillary reactions, due to interruption of the pathways that
mediate their dilation; opioids can cause myosis with reac-
tive pupils. The loss of pupillary responses to light is almost
always caused by structural changes. Pupils are intermediate
(diameter slightly larger than normal) and fixed (unreactive
to light) in lesions of the pretectal area of the midbrain, while
lesions of the third cranial nerve in the midbrain cause
the complete loss of pupillary responses, due to interference
with both the descending orthosympathetic system - crossing
the midbrain laterally to the nuclei of the third nerve - as well
as the parasympathetic system. Unilateral mydriasis can
occur from oculomotor nerve injury in the midbrain, since
the pupil that loses parasympathetic with preserved ortho-
sympathetic control has a larger diameter than the contralat-
eral. The most common causes of unilateral compression of
the oculomotor nerve in comatose patients are attributable to
aneurysms of the posterior communicating artery or to the
compression of the third cranial nerve by temporal lobe her-
niation through the tentorium (uncal herniation) [16]. Finally,
diencephalic injuries typically result in small and reactive
pupils; since this shape is also seen in most types of meta-
bolic encephalopathy, it has limited value in identifying
structural causes of coma [15]. The pathways that mediate
eye movements run parallel to the RAS at the level of the
paramedian tegmentum of the upper part of the brainstem. In
comatose patients, the study of oculomotor responses has
great value for localisation. Spontaneous and evoked eye
movements should be observed. Slow roving eye movements
are typical of metabolic encephalopathy and, if conjugate,
are expression of an intact ocular motor system. Conjugate
lateral deviation of the eyes is typically observed with
destructive or irritative lesions: in the former case, the lesion
generally involves the frontal eye fields and causes an homo-
lateral deviation of the eyes; in the latter case, the same corti-
cal injury may cause deviation of the eyes away from the side
with the lesion, as the result of epileptic activity [15]. The
interruption of descending cortico-bulbar pathways for gaze
control, passing through the thalamic internal medullary
lamina, rather than the internal capsule, may produce
“wrong-way eyes”, which deviate away from the side with
the lesion [26]. Conjugate vertical deviation of the eyes may
be due to lesions of the tectal nuclei. Nonconjugate eye devi-
ation, generally with concomitant strabismus, can be a result
of monolateral lesions of oculomotor cranial nerves of the
medial longitudinal fasciculus (near the midline tegmentum)
on that side, between the abducens and oculomotor nuclei.
Bilateral lesions of the medial longitudinal fasciculus impair

adduction of both eyes, as well as vertical oculocephalic and
vestibulo-ocular eye movements, a condition different from
bilateral oculomotor nucleus or nerve injuries, with the pre-
servedpupillary light responses [15]. In light of the above
considerations, eye movements in a comatose patient can be
summarised as follows: spontaneous roving eye movements,
indicating the integrity of the brainstem; skewed deviation,
suggesting a brainstem lesion; forced deviation of the eyes to
one side, generally indicating an ipsilateral hemispheric or
contralateral pons lesion; eye deviation away from the side
of the lesion, due to seizures [18].

The oculocephalic reflex is tested in comatose - or
severely lethargic - patients by keeping their eyes open and
briskly rotating the head side-to-side and up—down. The
nerves involved in this reflex, known as the “doll’s eyes
reflex”, are the oculomotor nerves and the eighth pair of cra-
nial nerves. If the brainstem is intact, such as in comatose
patients due to metabolic encefalopathy, the eyes rotate con-
jugately in the opposite direction to the head movement. If
brainstem gaze centres are damaged, this reflex is reduced or
absent [17, 27]. Therefore, “doll’s eye reflex” observation in
comatose patients indicates brainstem integrity.

Oculovestibular testing with cold/warm (than body tem-
perature) water infusion is a simple test to check integration
of ocular and vestibular pathways. After trauma to the exter-
nal ear canal and tympanum have been excluded, the patient’s
head should be placed at 30° up from horizontal, and cold/
warm water infused into the external auditory canal. In a
comatose patient with an intact lower midbrain and pons,
eyes will tonically and conjugately deviate towards the side
of the cold irrigation and away from the side of the warm
irrigation [18, 28]. Normally, evoked conjugate eye move-
ments while testing the reflex indicate that the centres of
horizontal gaze and median longitudinal fasciculi are intact.
A brainstem lesion interrupting the medial longitudinal fas-
ciculus will instead result in the disconjugated abduction of
the eye ipsilateral to the cold irrigated ear, but in failure to
the adduction of the opposite eye. Conplete absence of ocu-
lovestibular responses, not related to drugs intoxication, is a
sign of poor prognosis in coma [14, 29, 30].

Breathing patterns should be carefully evaluated, to iden-
tify the coma depth. Gradual deterioration from the periodic
breathing (cluster or Cheyne-Stokes) to tachypnea and to
irregular breathing and gasping with long, irregular apneic
periods [14] may occur in the case of widespread supraten-
torial lesions, deep bilateral brain lesions and metabolic dis-
eases. The Cheyne-Stokes periodic pattern has been
attributed to the isolation of the breathing centres of the
brainstem, which renders them more sensitive to CO,. As
the result of hyperventilation, blood CO, levels fall below
the concentration required to stimulate the regular breathing
centres, and breathing gradually stops; CO, is then increased
during the apnea exceeding the respiratory threshold, and
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the cycle starts over again. When this pattern is present, it is
usually not considered a sign of poor outcome, unless other
types of pathological breathing, indicating the presence of
structural damage to the brainstem, appear. Lesions of the
inferior part of the midbrain or of the pontine tegmentum
can cause a central neurogenic hyperventilation, character-
ised by an increase in the respiratory frequency (>40 acts per
minute) and in the depth of the breathing, resulting in alka-
losis. This pattern suggests the release of the reflex mecha-
nisms responsible for respiratory control in the lower part of
the midbrain. Lower pontine lesions may cause an apneustic
breath (a pause of 2-3 s following a full inspiration). In the
case of injuries to the dorso-medial part of the bulb, the
respiratory rhythm becomes chaotic, irregularly interrupted
and each breath varies according to frequency and depth
(Biot’s breathing pattern) [26], considered a sign of poor
prognosis.

Motor responses to pain stimulation is a fundamental
indicator of the anatomical site of the brain lesion. An asym-
metrical motor response may be suggestive of damage to one
cerebral hemisphere. This reflects the importance of per-
forming a bilateral stimulation, since the paralysed limb,
often lying extrarotated on the bed, may not respond to the
nociceptive stimulus (e.g. in hemiplegia); in this case, stimu-
lation of the sole of the foot can evoke the Babinski sign.

Lesions of the upper part of the midbrain are often clini-
cally characterised by a decorticated posture, both at rest as
well as after nocicpetive stimulus, with the upper limbs
flexed and the lower limbs extended with toes flexed
downwards.

On the other hand, lesions in the lower part of the mid-
brain or in the upper part of the pons are characterized by a
decerebrated posture, with extension of both the upper and
lower limbs. The anatomical dividing line between these two
postures, decorticated and decerebrated, is the red nucleus in
the ventromedial part of the midbrain, responsible for the
control of muscle tone in flexor muscle groups of the upper
limbs: in a patient with a decorticated posture the red nucleus
is intact. Clinical evolution from a decorticated to a decere-
brated posture is generally associated with a poor prognosis,
since it suggests a rostro-caudal degeneration of the brain-
stem [16].

Despite the several types of brain injuries that can be
responsible for coma, the mechanisms causing conscious-
ness alteration are essentally two: a) the direct dam-
age extension to the diencephalon and midbrain and b)
more frequent, the lateral and downward displacement of
the subthalamic structures and upper part of the brainstem,
with or without herniation of the medial part of the tempo-
ral lobe through the tentorium. The term herniation refers
to the dislocation of a part of the cerebral or of the cerebel-
lar hemispheres from their normal position to an adjacent
compartment, at transfalcial or transtentorial level.

Transtentorial herniations are classified in: a) central her-
niation, with downward dislocation and bilateral compres-
sion of the upper portion of the brainstem; b) unilateral
dislocation of the medial temporal lobe, including the uncal
gyrus, through the tentorial opening. The unilateral hernia-
tion causes the “uncal syndrome”, characterised in the early
stages by somnolence with unilateral pupillary dilation,
usually homolateral to the mass provoking the dislocation
of other structures and consequent to the compression of
the oculomotor nerve by the uncal gyrus or by its stretching
or deviation over the clivus or against the posterior cerebral
artery. The time of dislocation development has impor-
tant clinical and prognostic value; in case of acutely devel-
oped masses (tumours with important cerebral oedema,
intraparenchymal haematomas), a 3-5 mm horizontal dis-
location is associated with a soporous state, a 5—-8 mm dis-
placement with stupor, and a displacement greater than
8-9 mm with a coma state [15, 16]. Other types of hernia-
tions are represented by: dislocation of cerebellar hemi-
spheres (tonsillar herniation) through the foramen magnum,
with the typical clinical manifestations of diseases of the
posterior cranial fossa (neck pain, rigor nucalis, head incli-
nation, dysphagia, alterations in heart rhythm and breath-
ing); subfalcial herniation characterised by displacement of
the brain (typically the cingulate gyrus) below the free edge
of the falx cerebri, due to raised intracranial pressure;
ascending transtentorial herniation, in which SOLs in the
posterior cranial fossa cause an upper displacement of
the superior parts of the cerebellum through the tentorial
notch [31].

Acute Intracranial Hypertension Syndrome (AIHS)
deserves a separate mention for its clinical and prognostic
relevance, being a medical emergency that requires prompt
diagnosis and management. AIHS is defined as the persis-
tent increase of Intra Cranial Pressure (ICP) above 20 mm/
Hg, for longer than 5 min and in a patient who is not being
stimulated. ATHS commonly occurs in acute brain injury
related to trauma, ischaemia or haemorrhage and it is asso-
ciated with a poor outcome, regardless its etiology [32, 33].
Intra Crania Hypertension (ICH) has been sistematically
categorised in four categories, according to the aetiology
and pathogenic mechanisms: parenchymatous ICH with an
intrinsic  cerebral cause; vascular ICH caused by
altered cerebral blood circulation; ICH caused by
altered cerebrospinal fluid dynamics; and idiopathic [34]. A
coma preceded by headache, recurrent vomiting, marked
hypertension, papillary oedema, and retinal haemorrhages
is expression of ICH, often due to cerebral haemorrhage or
to rapidly evolving SOLs, such as glioblastoma and cere-
bral lymphoma. The early diagnosis of these present-
ing signs and symptoms is important to allow a sudden
medical and/or surgical intervention and to avoid the evolu-
tion of a deep coma.
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46.5 Neurobehavioural Rating Scales

The Glasgow Coma Scale (GCS), created by Teasdale and
Jennett in 1974 [35] in an attempt to bring uniformity to the
clinical evaluation of disorders of consciousness, is the
most widely used scale to assess the three aspects of
a patient’s responsiveness (eye, verbal, and motor ) to exter-
nal stimuli. The global numerical score obtained from this
scale ranges from a maximum of 15 points (full conscious-
ness) to a minimum of 3 points (deep coma). GCS is a very
important tool for assessing coma severity, even though it
loses its discriminative value in intubated and sedated
patients. Furthermore, a criticism to GCS is the poor scoring
of the brainstem functionality. Recently, to provide
more information regarding the coma severity and prognosis
in patients with traumatic brain injury, the arithmetic combi-
nation of GCS scores with pupillary response to light has
been proposed (GCS-P) [36]. The Pupil Reactive Score
(PRS) has a value of 2 points if both pupils are unreactive, 1
if only I pupil is unreactive and O if both pupils normally
react to light. Since the total GCS score can range from 3 to
15, after PRS score subtraction from the GCS, the GCS-P
has a possible range of values from 1 to 15. Another coma
scale for the assessment of patients with consciousness dis-
orders is the Full Outline of Unresponsiveness (FOUR)
score. This coma scale has four testable components (eye
response, motor response, brainstem reflexes and respira-
tion) that can be rated even when in intubated patients. The
resulting FOUR score is a good predictor of a poor outcome
in a critically ill patient and can detect the occurrence of
brain death [25, 37].

The Glasgow Outcome Scale (GOS) is the most widely
used and accepted measure of outcome following head
injury. In the first version of the GOS, patients with a brain
injury can be divided into five categories on the basis of the
objective degree of recovery: 1, death; 2, vegetative state;
3, severe disability; 4, moderate disability; 5, good recov-
ery [38].

An extended version of the GOS (GOS-E) has been pro-
posed, consisting of eight categories: 1, death; 2, vegetative
state; 3, lower severe disability; 4, upper severe disability; 5,
lower moderate disability; 6, upper moderate disability; 7,
lower good recovery; and 8, upper good recovery [39]. The
clinical scales for the evaluation of consciousness disorders
are shown in Table 46.3.

46.6 EEG Patternsin Coma

To accurately describe the EEG of a comatose patient, sev-
eral critical points, such as the characteristics of background
activity (frequency, continuity and reactivity) and the pres-

ence of peculiar EEG patterns need to be taken into account,
some of which have a specific prognostic value. With the
purpose of uniforming and standardising the EEG descrip-
tion in critically ill patients, the American Clinical
Neurophysiology Society recently published a reference
paper for the EEG terminology in critical care [40].

46.6.1 Background Activity

Background EEG activity in comatose patients shows a dif-
fuse or localised slowing, which progressively increases in
relation to the degree of the encephalopathy responsible for
consciousness impairment (Fig. 46.1). As coma state deterio-
rates, the background activity progressively decreases in
amplitude until attenuation (period of activity >10 pV but
<50% of the background voltage) or suppression (back-
ground activity <10 pV) of the cortical bioelectrical activity
occurs (Fig. 46.2). These background changes in EEG are
similar to those recorded when the depth of anaesthesia or
sedation is increased; thus, the first characteristic
to describe background activity is its predominant frequency
(delta, theta, alpha, or beta) and distribution, with particular
regards to its symmetry/asymmetry. A coma EEG tracing
can be symmetrical or asymmetrical; asymmetry is defined
as mild (<50% amplitude or 0.5—1 Hz frequency asymmetry)
or marked (>50% amplitude or >1 Hz frequency asymme-
try), and it must be present for most of the recording time
(Fig. 46.3). Other important characteristics of the back-
ground activity are the voltage - classifiable as normal
(>20 pV), low (10-20 pV), or suppressed (<10 pV) - and the
continuity. The background continuity has a significant
favourable prognostic value and, accordingly, a prolonged
EEG recorded in ICU can be classified into five main catego-
ries (Fig. 46.4):

— Continuous—background activity uninterrupted by peri-
ods of attenuation or suppression.

— Near continuous—periods of attenuation/suppression
<10% of the recording.

— Discontinuous—periods of attenuation/suppression from
11 to 49% of the recording.

— Burst-attenuation/burst-suppression—>50%  of
recording is attenuated/suppressed.

— Suppression—the entire recording period contains sup-
pression of background activity.

the

46.6.2 EEG Reactivity

EEG reactivity to visual, auditory and nociceptive stimuli
should always be tested; it consists of changes in amplitude
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Table 46.3 Clinical scales for the evaluation of consciousness disorders

Glasgow
Glasgow Coma Score Score Outcome Scale | Glasgow Outcome Scale
Scale (GCS) | (min 3—max 15) FOUR Scale | (min O-max 16) (GOS) Extended (GOS-E)
Eye 4—Eyes open Eye Response | 4—Eyelids open or opened, Category Category number:
Response spontaneously tracking or blinking to command | number: 8—Good recovery Upper
3—Eyes opening to 3—Eyelids open but not tracking | 5—Good 7—Good Recovery Lower
verbal command 2—Eyelids closed but open to Recovery 6—Moderate Disability
2—Eyes opening to pain loud voice 4—Moderate | Upper
1—No eyes opening 1—Eyelids closed but opens to Disability 5—Moderate Disability
pain 3—Severe Lower
0—Eyelids remain closed with Disability 4—Severe Disability
pain stimuli 2—Vegetative | Upper
State 3—Severe Disability
1—Death Lower
2—Vegetative State
1—Death
Verbal S5—oriented Motor 4—Thumbs up, fist, or peace sign
Response 4—confused Response 3—Ilocalizing to pain
3—inappropriate words 2—Flexion response to pain
2—incomprehensible 1—Extension posture
sounds 0—No response to pain or
1—No verbal response generalized myoclonus status
Motor 6—Obeys commands Brain Stem 4—Pupil and corneal reflexes
Response 5—Localizing pain Reflexes present
4—Withdrawal from 3—One pupil wide and flexed
pain 2—Pupil or corneal reflexes
3—Flexion response to absent
pain 1—Pupil and corneal reflexes
2—Extension response absent
to pain 0—Absent pupil, corneal, or
1—No motor response cough reflex
GCS—Pupils | GCS score: Respiration 4—regular breathing pattern
score 2: both pupils unreactive 3—Cheyne-Stokes breathing
(min 1—max | 1: one pupil unreactive pattern
15) 0: pupils reactive 2—Irregular breathing
1—Trigger ventilator or breathes
above ventilator rate
0—Apnea or breathes at
ventilator rate

alfa-theta

!

theta-delta

I

delta (normal voltage)

!

delta ( low voltage)
(burst-suppression / a-6-coma/ periodisms)

g

attenuation/suppression 3

15

GCS

Fig. 46.1 Correlation between the progressive worsening of disorder
of consciousness, as documented by Glasgow Coma Scale (GCS) score,
and EEG changes

or frequency of the background activity, or in its attenuation.
The EEG response to stimuli can be present, absent, or
unclear (Figs. 46.5 and 46.6). The appearance of a muscle
response or blinking after stimuli should not be considered a
form of EEG reactivity. The absence of any reactivity is a
sign of a poor prognosis, with the exception of toxic and
iatrogenic coma; conversely, EEG reactivity preservation is
considered a neurophysiological marker of a more favour-
able outcome.

The evaluation of EEG reactivity in critically ill patients
is not always easy. Technicians should note and transmit all
the information regarding the applied stimuli (e.g. modali-
ties, time intervals) to the reporting physicians and monitor
any reaction, such as muscle contractions, automatic eye
movements, changes in cardiac and respiratory rhythm, and
any other reflex and/or autonomic response directly or indi-
rectly related to cortical activity. Pain stimuli are routinely
included in the neurological examination of comatose
patients (nasal tickling, trapezius squeeze, skin pinches,
pressure to fingernail, nipple pinching), with nociceptive
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Fig. 46.2 Changes of background activity during various levels of
coma. (a—c) continuous theta-delta diffuse activity progressively
decreases in frequency, synchronisation and amplitude. As coma deep-

stimuli appearing to best highlight EEG reactivity. Tsetsou
et al. investigated the effects of standardised nocicep-
tive stimuli in comatose patients unreactive to auditory
stimuli, using three different painful stimuli: bilateral nipple
pinching, nasal pinprick and bilateral fingernail compres-
sion. In this prospective study, it was demonstrated that
bilateral synchronous nipple pinching appears to be the
most nociceptive method to test EEG reactivity [41].
Admiraal et al. recently performed a systematic review
aimed at identifying definitions of EEG reactivity and test-

ens, burst-suppression pattern appears (d) and then the background
activity is attenuated (e) or completely suppressed (f)

ing methods and found that many different protocols exist;
however, the definition of EEG reactivity is neither uniform
nor replicable. Therefore, standardisation of the stimulation
protocol (stimuli used, duration and intensity of each stimu-
lus) and a more precise definition of EEG reactivity are
required [42]. Automated quantitative EEG approaches
based on probabilistic description of spectral temporal sym-
metry potentially improve the objective evaluation of
the EEG reactivity and thus assisting in the prediction of the
clinical outcome [43].
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46.6.3 Peculiar Coma EEG Patterns
46.6.3.1 Periodic and Rhythmic Patterns:
Epileptiform Activity

The difference between periodic and rhythmic patterns is based
on the presence or absence of an interval between two consecu-
tive waveforms. Periodic activity is generally characterised by
discharges, which are defined as waves with no more than three
phases or any wave lasting 0.5 s or less (discharges are the
opposite of bursts, which are defined as waveforms with at least
four phases that last more than 0.5 s). Periodic discharges are

therefore characterised by the repetition of a relatively uniform
waveform at near regular intervals. Rhythmic EEG patterns are
represented by the repetition of delta waves with relatively uni-
form morphology and duration, without an interval between
the consecutive waveforms (Fig. 46.7).

It should be noted that, according to ACNS-standardised
critical care EEG terminology [40], an EEG pattern can
be qualified as periodic or rhythmic as long as the pattern
continues for at least six cycles (1/s for 6 s or 3/s for 2 s).

Based on their localisation, periodic or rhythmic EEG
patterns can be:
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— Generalised (G: and
symmetrical).

— Lateralised (L: Unilateral and bisynchronous, but asym-
metrical, focal, regional, or hemispheric patterns).

— Bilateral Independent (BI: two asynchronous lateralised
patterns, one in each hemisphere).

— Multifocal (Mf: at least three independent lateralised pat-

terns in both hemispheres).

Bilateral,  bisynchronous

For generalised patterns, it is also necessary to include
additional information regarding the predominant site of
appearance (frontal, central, or occipital) while, for later-
alised patterns, it is important to specify the symmetry vs.
asymmetry and the most involved lobes (Figs. 46.8 and 46.9).

Epileptic activity in the EEG of comatose patients may also
be recorded as polyspikes, spikes, or sharp waves followed by
a slow wave in a regularly repeating and alternating pattern,

FRac4

Fp1C3

1T

T P Y S SN I R T RIS KSR T
B Bl Moddy acqure Agslyse Belersnce Tools Move Window Help a
= AAAAAAAAAAAAAAAAAAAAAAAAAAMAAAAAAAAAAAAAAAN

- A A A A Y
o WWWVWWWWNWVWWWMWV
AAAAAAAAAAANAAAAAANAAAAAAAAAAAAAAAAAAAAA

A AAAAAAAAAAAAAAAAAAAAAAAAA A AN

EMG1+ EMG1-
5 sec
MKR MKR:
| [LTREL B omien - oetn - (D5 W% A DD WL M@ BERN BN KKK <ow> » @A
B Ede Mod#y scouce Apalyse Betersnce Took Move Window Melp b

Fpzca

1T

Too8 WM\MWWMWWM

o i e S TRk i i D o e i
PSS g 2y 4y 28 o 48 oy 48 oyt v 08 o 80y 18 A e 08 e o 0 W

Fig. 46.8 Samples of Generalised Periodic Discharges (GPDs). In (a) the spiky GPDs are <0.5 per second, in (b) 1 per second (LFF = 0.53 Hz,

HFF =70 Hz, 70 pV/cm)



46 Disorders of Consciousness 747
0530H: = 70HE v dlsse =  T0fem v DJASPER = @ S R X ’|T1 ﬂ: NS A-"!J-'.‘.‘i:.: R S m “ 1K .& e > ﬁ-, ]
= Eie Moddy Accuno Agelyie Beberence Took Meve Widow Help a

Fp2c4

Fpica

Fp1 T3

Fp2T4 WMWWMWAWWWWWL v

T T L A N  a
WWWMWMWWWWWW

ca01 MMWWWNW
301 WVWMWMWMWW

St e 1M R LA R R R L SR B0 e
MR+ MKR. | | I ‘ |

053 «  SO0Mz = Mumec+ MMom = T-JASPER

®

= Eie Moddy Acquee Agohvse Fielesence Took Move Window Help

b

c3o

e A AAAAANA, A AN A At A An A e WA A i
R e e e e e e e e e e e e i e s

TR U Y S | WPE WV LU NV, Oer s, D, ROV T PRIV, OB I B, S, B VO W W P Pt W

ron vw”hwmwﬂwm4h~n«ﬂ~k»wAwdKmw“bwmvw#uwﬂu«w&«wwya#b*dLwwAwﬁ1v'“waAwwmm??wﬂ“ﬂxuxﬁwvﬂhwﬂb
- [T O U DU OO

AN, 3 N it P g,

0 sec

Fig. 46.9 Samples of left (a) and right (b) 0.5 to 1 per second spiky Lateralised Periodic Discharges (LPDs). LPDs are bilateral, synchronous but
clearly asymmetric. (a, LFF = 0.53 Hz, HFF = 70 Hz, 70 pV/cm; b, LFF = 0.53 Hz, HFF = 50 Hz, 70 pV/cm)

without any interval between one complex and the next.
Periodic and rhythmic EEG patterns and epileptic abnormali-
ties have already been described in detail in Chap. 13.

A detailed EEG interpretation using standardised terminol-
ogy is extremely important, especially in comatose patients. A
large, multicentre study evaluating the effects of periodic and
rhythmic patterns on seizure risk in critically ill patients high-
lighted that Lateralised Periodic Discharges (LPDs),

Lateralised Rhythmic Delta Activity (LRDA), and Generalised
Periodic Discharges (GPDs) are associated with seizures,
unlike Generalised Rhythmic Delta Activity (GRDA) [44].
Punia et al. demonstrated that patients with LPDs on continu-
ous EEG during coma are at least seven times more likely to
develop epilepsy following an acute brain insult [45].

The definition and classification of Status Epilepticus
(SE) by the International League Against Epilepsy (ILAE)
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Task Force considers “EEG correlates” as one of four axes
(1, semiology; 2, aetiology; 3, EEG correlates; and 4, age)
and emphasises that EEG should be performed as early as
possible [46].

The ILAE recommends using EEG in an emergency set-
ting with repeated recordings, to highlight the eventual
evolution of SE from one form to another. Currently, no evi-
dence-based EEG criteria for SE exist, and none of the ictal
EEG patterns of any type of SE are specific; however, EEG
is considered indispensable in the diagnosis of Non-
Convulsive SE (NCSE).

For the description of EEG patterns in SE, the ILAE Task
Force [46] has proposed the following main parameters:

— Location (generalised, lateralised, bilateral independent,
or multifocal).

— Type (periodic discharges, rhythmic delta activity, or epi-
leptic activity).

— Morphology (sharpness, number of phases, amplitude,
and polarity).

— Time-related features (prevalence, frequency, duration,
onset, and dynamics).

— Modulation (spontaneous or stimulus-induced).

— Effects of drugs on the EEG.

Various EEG criteria have been used to identify comatose
patients with NCSE, the true incidence of which still remains
unknown. The original “Salzburg Consensus Criteria” were
modified in accordance with the standardised critical care
terminology of the ACNS [40, 47-49].

First, the EEG changes that fulfil the modified Salzburg
criteria for NCSE should be continuously present for >10 s;
these changes can be represented by Epileptiform Discharges
(EDs: spikes, polyspikes, sharp waves, sharp-and-slow wave
complexes; the frequency of EDs may be >2.5 or <2.5 Hz) or
by Rhythmic Delta Activity (RDA: rhythmic activity <4 Hz;
the duration of one cycle should vary by <50% from the
duration of the subsequent cycle for the majority of cycle
pairs to qualify as rhythmic) [40].

Other parameters defining EEG patterns of NCSE are:

Evolution: at least two unequivocal, sequential changes in
frequency (at least two consecutive changes of at least 0.5/s,
e.g. from 2 to 2.5/s or from 3 to 2/s), morphology (at least
two consecutive changes to a novel morphology), or location
(sequentially spreading into or out of at least two different IS
10-20 electrode locations). The criteria for evolution must
be reached without the pattern remaining unchanged in fre-
quency, morphology, or location for 5 min or longer [40].

Typical ictal spatio-temporal evolution, which consists of
incrementing onset (increase in voltage and change in fre-
quency), evolution of the pattern (change in frequency and
location), or decrementing termination (voltage and
frequency).

Fluctuation: >3 changes, not more than 1 min apart, in
frequency (by at least 0.5/s); >3 changes in morphology; or
>3 changes in location, which do not qualify as evolving.

Response to intravenous antiepileptic drugs (IV AEDs):
the response to IV AEDs should be tested clinically and by
EEG (Figs. 46.10 and 46.11). Clinical improvement is
defined as the best performance in one of the following three
domains: “say your surname”, “repeat 1, 2, 3”, and “raise
your arms”; if the patient does not respond, the procedure
must be repeated following strong tactile stimuli. EEG
improvement is defined as a reduction in the pathological
pattern to occasional, i.e. 1-9% of epochs.

In comatose patients without any known epileptic enceph-
alopathy, at least one of the following criteria should be ful-
filled for the diagnosis of NCSE:

1. EDs >2.5 Hz (i.e. >25 EDs in a 10-s epoch).

2. Typical ictal spatio-temporal evolution of EDs or RDA
(>0.5 Hz).

3. Subtle ictal clinical symptoms (minor twitching of the
mouth, periorbital region, or extremities) in close tempo-
ral relation to EDs or RDA >0.5 Hz.

If the EDs have a frequency <2.5 Hz or there is only RDA
with or without fluctuations, the clinical situation should be
carefully evaluated and the clinical and EEG response to IV
AEDs should be documented. There are four possible
responses: no clinical or EEG improvement, only EEG
improvement, only clinical improvement, or EEG and clini-
cal improvement. According to the modified Salzburg
Consensus Criteria, for clinical practice, all four constella-
tions qualify for NCSE, while for research projects, patients
qualify for NCSE only if EEG and/or clinical improvement
is documented (Fig. 46.12) [47, 48].

46.6.3.2 Spindle Coma and Beta Coma

The presence of normal sleep transients (i.e. vertex sharp
waves, K-complexes, and spindles) in the slow EEGs of coma-
tose patients with acute encephalopathy may be considered a
prognostic biomarker for both survival and functional recov-
ery. Chatrian et al. (1963) [50] first described an EEG pattern
in patients with acute traumatic encephalopathy characterised
by vertex wave, K-complex, and sleep spindle sequences (11—
14 Hz), which was named “spindle coma”. In patients with
head injury, it has been hypothesised that the spindle coma
may occur due to a pontomesencephalic junction lesion, with
functional preservation of the cortex. This pattern was also
later described in patients with non-traumatic coma [51] and
it is recognised as having a good prognostic value. If the spin-
dle coma pattern is reactive to external stimuli, the outcome is
obviously better, although in most cases it remains uncertain;
nevertheless, the prognostic value of this pattern is some-
times often uncertain, since the prognosis depends above all
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Fig. 46.10 (a) EEG pattern of Non-Convulsive Status Epilepticus (NCSE) in a 51-year-old patient with anoxic encephalopathy. In (b) EEG
improved after a i.v. bolus of midazolam. LFF = 0.53 Hz, HFF = 70 Hz, 70 pV/cm

on the underlying aetiology of the coma [52]. A recent retro-
spective study investigating the early presence of sleep spin-
dles in the cEEGs of 34 children in the first 24 h after
resuscitation from cardiac arrest reported that spindles were
recorded in approximately 30% of children and were associ-
ated with a favourable neurological outcome at 6 months [53].

The “beta coma” pattern is characterised by the presence
of diffuse, frontally dominant, beta activity ranging from 12
to 16 Hz. This pattern is most commonly induced by intoxi-

cation or withdrawal from benzodiazepines or barbiturates
[54], but it may also be the consequence of an acute brain-
stem lesion (Fig. 46.13).

46.6.3.3 Alpha, Alpha-Theta, and Theta Coma
Patterns

The term Alpha Coma (AC) refers to an EEG coma pattern

characterised by the presence of diffuse alpha frequency

activity; when alpha activity is mixed with theta frequencies,
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ity disappeared (b). LFF = 0.53 Hz, HFF = 50 Hz, 100 pV/cm

the pattern is named Alpha-Theta Coma (ATC), whereas
when the rhythmic diffuse activity falls within the theta band
range, the pattern is named Theta Coma (TC) (Fig. 46.14).
The most well-known and studied pattern is AC, which
was first described in 1953 by Loeb and Poggio in patients
with pontomesencephalic haemorrhage [55] and, subse-
quently, in patients with other acute encephalopathies
(anoxic, traumatic, toxic, and dysmetabolic) [56, 57]. An AC
pattern following cardiac arrest or traumatic brain injury is

characterised by a monomorphic and unreactive alpha activ-
ity with a frequency of 8-13 Hz and an amplitude of
10-50 pV, diffuse but predominantly in the frontal regions. If
the activity is slower (4—7 Hz), the pattern is defined as ATC
or TC. When the AC is due to toxic encephalopathies (over-
doses of barbiturates, benzodiazepines, anaesthetics, or anti-
depressant drugs), beta frequencies may be superimposed on
the alpha activity, which may sometimes be predominant in
the posterior regions. Given the variety of causes, the AC pat-
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IV AED...intravenous antiepileptic drug
NCSE...non-convulsive status epilepticus

NCSE. appropriate
For research projects: patient qualifies for NCSE if EEG
andyor clinical improvement l

“ N C S E”

Fig. 46.12 Modified Salzburg criteria for the diagnosis of Non-Convulsive Status Epilepticus (NCSE). From: Trinka E, Leitinger M. Epil &

Behav. 2015; 49: 203-222, with permission from Elsevier

tern likely arises from different pathophysiological interac-
tions. In the case of brainstem lesions, there is a deafferentation
of thalamo-cortical pathways releasing autonomous cortical
alpha rhythm generated from the ascending RAS. A study
comparing the alpha pattern between healthy subjects and
comatose patients showed a lack of interhemispheric coher-
ence in AC, supporting the hypothesis that when a significant
thalamo-cortical disruption is determined, the cortical pace-
makers operate independently in each hemisphere [58]. It has
also been shown that alpha frequencies can be produced by
different generators and networks in normal subjects and
patients with AC [59]. Following diffuse cerebral hypoxia or
diffuse post-traumatic brain lesions, the cortex is destroyed
with preservation of thalamic and brainstem structures; in this
case, the alpha activity recorded on the scalp originates from
subcortical structures. Finally, drugs or sedatives at toxic doses
may produce an AC pattern by a direct effect on cortical alpha
generators, with or without impairment of ascending modulat-
ing inputs [56].

AC is generally considered a biomarker for poor progno-
sis; however, outcome also depends on the underlying aeti-

ology of the coma (i.e. a poor prognosis for anoxia or
trauma, but a better one for toxic or metabolic encephalopa-
thies). Berkhoff et al. [57] performed a prospective study
regarding clinical, EEG, and Somato Sensory-Evoked
Potential (SSEP) findings in a series of patients with postan-
oxic ATC and also reviewed 283 cases of postanoxic ATC
reported in the literature. These authors described two types
of ATC: incomplete and complete. The incomplete ATC is
characterised by occipital or diffuse, non-monotonous,
hypo-reactive alpha activity; SSEP are usually normal and
coma with usually normal brainstem reflexes. Conversely,
the complete ATC is characterised by diffuse, frontally pre-
dominant, monotonous, reactive alpha activity; SSEP usu-
ally altered or absent and deep coma, with usually absent
brainstem reflexes.

According to Berkhoff et al. [57], the combination of
EEG, SSEP, and clinical findings improves the prognostic
evaluation of postanoxic ATC; a full recovery is possible in
patients with incomplete ATC, whereas complete ATC is
invariably associated with a poor outcome. The prognostic
significance of complete and incomplete variants of ATC has
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been shown in many recent studies, almost always conducted
in patients with postanoxic coma [60, 61].

46.6.3.4 Burst-Attenuation and Burst-
Suppression Patterns

The classic definition of a burst-suppression pattern is: “an

EEG pattern in which there are generalised and synchronous

bursts of high-voltage and mixed-frequency activity alternat-

ing with periods of suppression of this activity” [54].

This pattern is observed in comatose patients with diffuse
cerebral anoxia (following cardiac arrest), during hypother-
mia, or as a result of excessive dosage of anaesthetic agents
or sedative drugs.

The standardised terminology for EEG in critical care pro-
posed by ACNS [40] specifies the characteristics of the pat-
tern: bursts must average more than 0.5 s, have at least four
phases, which can last up to 30 s; the interval between two
bursts may be with attenuation (periods of lower voltage
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Fig.46.14 (a) Frontally predominant unreactive (at arrow pain stimu-
lus) alpha-coma in a 45-year-old patient with postanoxic encephalopa-
thy. (b) unreactive theta coma in 67-year-old patient with post-traumatic

>10 pV but <50% of the background voltage) or with sup-
pression (periods of lower voltage are <10 pV); to define a
pattern of burst-attenuation or burst-suppression, it is neces-
sary that more than 50% of the recording consists of attenua-
tion or suppression, with alternating bursts. Furthermore, it is
necessary to report the typical duration of the bursts and inter-
burst intervals, morphology (sharpness) of a typical burst, and
the presence or absence of highly epileptiform bursts.

encephalopathy. (a) LFF = 0.53 Hz, HFF = 50 Hz, 70 pV/cm; (b)
LFF = 0.53 Hz, HFF = 70 Hz, 70 pV/cm

Highly epileptiform bursts are considered present if mul-
tiple epileptiform discharges or rhythmic patterns (poten-
tially ictal) occur within the majority (>50%) of bursts, at an
average of 1/s or faster (Fig. 46.15).

In addition to ACNS classification, the EEG patterns with
bursts may be subdivided into those with identical bursts and
those without. Bursts are “identical” if they have the same
amplitude, duration and shape in defined EEG epochs; inter-



754 O. Mecarelli et al.
oswrr - mm - wwe- e - e - QS HS A XBR A Y[ M@s, U B S VI KRLK<,u>» 8

M Ele Modky s Agalyve Befereece Tools Move Wiedow Help a
Fp2 T4 ‘—/‘VWu———vqfﬁu"\, Y
Ta02 '—'“JV\;—'V-'"'JV—‘—‘—‘——‘—‘—"—‘W"V*/\/N WWMMH\HW‘“‘—'—'WW—'
Fpzca HWMWM*—“VWM
ca0z _—_NM_M«V\/—.MM.—_MMW *—"MMNWW‘WM"—’“—““AWJV“
Forcs ——’M%WMMMV——JWNVWW—»—“—}},MWNE——'W
CIO e A A et S ARt Y e P
Fp1 T3 MWW«#‘%WW —M%MM
T ‘_"——MWW“‘“W*—*—'—'H—J\\/VAJ\/*"’W”T W‘VW—WH{—/

5 sec

— EgugEguEn
[ T PR S T

B File Modily Acouine Agalyse Peference Tools Move Window Help b
Foz T4 vﬁH‘Mf—
Ta02

Fozca

caoz

Fpic3

c3o1

FpIT3 _’—\.M

1301 ———.——JM e W‘\‘

5 sec
MHE KB

Fig. 46.15 Burst-suppression patterns. (a) bursts of generalised activity

(>500 ms and >3 phases) interposed with periods of suppressed back-

ground activity. (b) Burst-suppression pattern with Highly Epileptiform Bursts (HEBs). LFF = 0.53 Hz, HFF = 70 Hz, 100 pV/cm

burst intervals must also be identical. Burst-suppression with
identical bursts is a distinct pathological EEG pattern; it is
exclusively observed in comatose patients following cardiac
arrest and is invariably associated with a poor outcome
(Fig. 46.16) [62, 63].

46.6.3.5 Electrocerebral Inactivity
The patterns with attenuation and suppression defined
above must be distinguished from Electro Cerebral

Inactivity (ECI) (the use of terms such as “electrocerebral
silence, flat, or isoelectric EEG” to define this condition is
discouraged). ECI is characterised by the absence an iden-
tifiable electrical activity of cerebral origin over 2 pV (peak
to peak), spontaneous or stimulated, in all regions. The
ECI is observed in brain death and, for its correct identifi-
cation, the sensitivity must be increased to a maximum of
2 pV/mm (Fig. 46.17) [64].
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46.7 EEG Patterns in Vegetative State
and Minimally Conscious State

The EEGs in many patients with VS may show a continuous
generalised polymorphic theta-delta activity, occasionally
reactive (with attenuation) only to nociceptive stimuli. In
some patients, the background activity is of very low voltage
or suppressed. In <10% of patients with VS, a background

rhythm of alpha-theta frequency has been described, without
demonstration of reactivity at eyes closing. The recording of
ictal or interictal epileptiform abnormalities is unusual. In
rare cases, patterns with GPDs, LPDs, triphasic waves, and
alpha coma have been described [65].

In patients with MCS, the background activity is more
frequently preserved and reactive and the sleep architecture
is more recognisable (Fig. 46.18).
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Fig. 46.18 Two samples of EEG in patients with Vegetative State
(VS). In (a) background activity with theta-alpha frequencies is pre-
served, but without reactivity (LFF = 0.53 Hz, HFF = 70 Hz, 70 pV/

Forgacs et al. [66] studied the preservation of the EEG
organisation during wake and sleep in a large series of
patients with VS or MCS (plus and minus). The EEGs were
recorded using a video-EEG system and visually reviewed
by clinical neurophysiologists. Wake EEG background was
classified into four categories based on the degree of abnor-
malities observed:

cm). In (b) background activity is markedly attenuated (LFF = 0.53 Hz,
HFF =70 Hz, 50 pV/cm)

Normal (posterior dominant alpha rhythm at 8-12 Hz,
amplitude asymmetry not higher than 50% between hemi-
spheres, normal anteroposterior gradient, no focal or hemi-
spheric slowing).

Mildly abnormal (posterior dominant rhythm asymmetri-
cal or mildly slowed, anteropeterior gradient not well organ-
ised, mild focal or hemispheric theta slowing).
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Moderately abnormal (posterior rhythms of theta fre-
quency at 4-7 and/or presence of focal or hemispheric theta-
delta slowing).

Severely abnormal (diffuse background activity <4 Hz).

During sleep, the presence or absence of characteris-
tic elements of sleep architecture was assessed (vertex waves,
spindles, patterns of slow waves, and REM sleep). The
results were heterogeneous and related to each individual
clinical condition and aetiology of DOC; however, overall,
the percentage of moderately or severely abnormal wake
EEG decreased from the VS to the MCS minus and MCS
plus. Sleep architecture abnormalities were present in all
subjects; vertex waves and spindles were the most preserved
sleep pattern, while REM appeared in only 39% of subjects.
This study also attempted to elucidate a correlation between
the EEG pattern and the results of an fMRI examination dur-
ing a cognitive task. All patients with fMRI evidence of fol-
lowing covert commands consistently demonstrated
well-organised EEG background during wakefulness and
spindling activity during sleep [66].

Using high-density EEG, Landsness et al. [67] studied the
sleep of 11 patients with VS or MCS with the aim of
correlating the EEG changes during sleep to the behavioural
changes in vigilance. All patients with MCS showed clear
EEG changes associated with behavioural sleep periods. In
contrast, patients with VS preserved behavioural sleep (eyes
closed) but the EEG patterns remained unchanged during
periods with closed eyes, as compared with periods of behav-
ioural wakefulness.

A recent study by Estraneo et al. [68] proposed a modified
classification of the EEG patterns of VS and MCS patients
into five categories: normal, mildly abnormal, moderately
abnormal, diffuse slowing, and low voltage (defined as a pre-
dominant slow EEG activity <20 pV over most brain
regions). The authors also analysed EEG reactivity following
eye opening and closing and following tactile, acoustic, and
nociceptive stimulation. The results of this study demon-
strated that EEG abnormalities were more severe in VS than
in MCS plus or MCS minus and are prevalent in anoxic aeti-
ology. Reactivity to visual and acoustic stimulation was
significantly more frequent in MCS plus and MCS minus
than in VS patients. The patients with normal or mildly
abnormal background activity showed higher scores in the
Coma Recovery Scale-Revised.

In conclusion, EEG - a time-resolved, low-cost, wide-
spread, and easily reproducible diagnostic technique - may
be a valid tool for the classification of patients with persistent
DOC and may support neuroimaging in defining the progno-
sis. However, in addition to the inspective analysis of con-
ventional EEG, high-density EEG recordings should be
implemented, as well as the correlation between EEG and
other neurophysiological techniques and the quantitative
analysis of recorded signals. Spectral power analysis revealed

that alpha and theta power are significantly lower in VS than
in MCS patients, whereas delta power shows the opposite
behaviour. Sitt et al. [69] identified a series of measures that,
when combined, allow the classification of the state of con-
sciousness. The authors showed that low-frequency power,
EEG complexity, and information exchange constitute the
most reliable signatures of consciousness, concluding that a
reduced set of EEG measures could ultimately serve as a
reliable bedside tool to probe consciousness in patients with
DOC.

46.8 EEGin Coma Prognosis

In patients with Acquired Brain Injury (ABI), it is relevant to
focus on the prediction of early neurological improvement;
however, when patients are still sedated, clinical examina-
tion is obviously unreliable, and only instrumental tests are
available. Among these, neurophysiological tests (EEG and
SSEPs) are important, since they are an extension of clinical
examination and integrate with neuroimaging. With respect
to the prognostic use of EEG, at least two factors should be
considered: the grading system and potential confounding
factors (Table 46.4).

It is well-known that the interpretation of EEGs requires
more training than the evaluation of other prognostic indica-
tors such as clinical examination and SSEPs, and non-expert
interpretation of EEGs introduces the risk of lowering its
overall prognostic value. Most grading systems developed
decades ago [70-72] evaluated a limited number of EEG fea-
tures, and standardised terminology had not been adopted;
therefore, it is reasonable to assume that the EEG reporters
could have been biased by these factors. In particular, grad-
ing systems and definitions of malignant and benign EEG
patterns varied among studies. Together, these factors hinder
accurate recommendations and meta-analysis. For instance,
in the first guidelines concerning prognosis of comatose sur-
vivors following Cardiac Arrest (CA) [73], EEG was not
included among the prognostic indicators, since its prognos-
tic accuracy was considered insufficient based on evidence;
thus, standardised terminology evaluating all important fea-
tures would be preferable to assess which individual features
of the EEG are the most predictive. A classification scheme
based on clear, strict and standardised definitions of patterns
should be used to facilitate comparison among different
studies. The variability in classification and rating of the
EEG findings has been partly addressed by the introduction
of standardised critical care EEG terminology by the ACNS,
which has shown high inter-rater agreement, especially for
periodic or rhythmic activity [40]. According to this classifi-
cation, we can identify, for prognostic purposes, the follow-
ing main EEG patterns: continuous, near continuous,
discontinuous, epileptiform discharges, burst-attenuation/
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Table 46.4 Classification of coma EEG patterns

EEG grading of anoxic and traumatic

encephalopathies in adults (Synek
1988)

EEG classification of coma
(Young et al. 1997)

Grade I. Regular alpha, some theta,
reactive

Category I. Delta/theta >50%
(no theta coma)

(a) Reactive

(b) Unreactive

Grade II. Predominant theta
(a) Normal voltage, reactive
(b) Low voltage, unreactive

Category II. Triphasic waves

Grade III. Predominant delta

(a) Diffuse delta activity, rhythmic,
frontally predominant, reactive

(b) Delta activity and spindles
(spindle coma)

(c) Delta activity of low voltage,
discontinuous, irregular, unreactive
(d) Predominant delta of medium
voltage, either rhythmic or
irregular, usually unreactive

Category

II1. Burst-suppression

(a) With epileptiform activity
(b) Without epileptiform
activity

Grade IV. Burst-suppression and
other malignant patterns

(a) Burst-suppression, with (i) or
without (ii) epileptiform activity
(b) Alpha coma, with some
reactivity (i) or unreactive (ii)

(¢) Theta coma

(d) Delta of low voltage (<20 pV)

Category IV. Alpha coma/
theta coma/spindle coma
(unreactive)

Grade V. Suppression
(subgrade: Electrocerebral
silence—<2 pV)

Category V. Epileptiform
activity not in burst-
suppression pattern

(a) Generalised

(b) Focal or multifocal
Category VI. Suppression
(a) <20 pV—>10 pVv

(b) <10 pVv

Adapted from: Synek VM. Prognostically important EEG coma pat-
terns in diffuse anoxic and traumatic encephalopathies in adults. J Clin
Neurophysiol. 1988; 5: 161-174; and Young GB, McLachlan RS,
Kreeft JH, and Demel JD. An Electroencephalographic Classification
of Coma. Can J Neurol Sci. 1997; 24: 320-325

burst-suppression, attenuation/suppression, and electrocere-
bral inactivity. Concerning potential confounding factors,
temperature and sedation must be taken into account. Over
the last decade, Therapeutic Hypothermia (TH) with a target
temperature of 32-34 °C has become the standard of care in
the management of patients following CA and has also been
proposed in Traumatic Brain Injury (TBI). Moderate TH to
the level of 32 °C does not significantly affect the continuity
or voltage of EEGs. Only under a temperature of 29 °C do
we observe the progressive appearance of periodic com-
plexes, burst-suppression (around 24 °C), and E3 (around
22 °C) [74]. Artifacts from muscle shivering, mechanical
ventilation, or electrical equipment that frequently accom-
pany TH may affect the reliability of EEG interpretation;
nonetheless, it is apparent that many EEG patterns seen dur-
ing moderate TH have similar prognostic implications as

when seen during normothermia [75]. More relevant than the
effect of body temperature per se are its metabolic effects. A
decreased body temperature decreases the activity of hepatic
enzymes by 7-22% per degree below 37 °C, which can result
in significantly higher levels of anaesthetic and a prolonged
effect of neuromuscular blockade, and it may be difficult to
know whether residual sedation affects the clinical and EEG
reactivity, even when recordings are performed 24 h after
normothermia is restored.

Concerning sedation, based on their pharmacological
effects, we expected propofol and midazolam to decrease the
continuity of the EEG, leading to a false prediction of a poor
outcome. Firstly, a distinction should be made between
patients surviving CA and the other acquired brain injuries.
Comatose patients affected by TBI) are treated at an early
stage with high doses of propofol or midazolam to control
the intracranial pressure, and this treatment induces burst-
suppression patterns on EEG. Instead, the typical dosages of
propofol (1-2 mg/kg/h) or midazolam (0.03-0.1 mg/kg/h)
used in CA patients did not affect the continuity of the EEG;
in these patients, the severity of postanoxic injury influenced
the EEG much more than sedative drugs [76]. During
rewarming, even if we consider the prolonged duration of
sedative drugs, the dose will be even lower. In any case, in
this condition, the absence of reactivity and the Episodic
Low-Amplitude Events (ELAEs) [77] should not be consid-
ered as reliable for the prognosis of a poor outcome.

The main role of the EEG in TBI is the detection of acute
seizures immediately following brain injury. The EEG can
also be helpful in determining the prognosis but with the limi-
tation of timing, since all these comatose patients are treated
at an early stage with high doses of propofol or midazolam to
control the intracranial pressure, creating unreliable EEG
findings. As a consequence, the presence of malignant pat-
terns (e.g. burst-suppression) should be interpreted with cau-
tion, since it may be related to ongoing sedation rather than
cerebral injury; however, knowing the effects of sedation on
EEG activity, a comparison between the dosage of the seda-
tives and the expected EEG pattern should be considered.
Approximately 1 week after the onset of the post-traumatic
coma, the EEG has predictive value for a good outcome in the
case of the presence of reactivity [78]. Logi et al. [79], using
the Synek classification in the post-acute phase, showed that
in the presence of a benign EEG pattern (which included
dominant theta and alpha activity, delta activity with sleep
spindles, and high-amplitude frontally predominant rhythmic
delta activity in a background of alpha and theta activity),
patients regained consciousness. The absence of EEG reactiv-
ity marks a poor prognosis in TBI patients when associated
with severe SSEP alterations [80].

Another important indication to perform EEG with a
prognostic aim is the case of a coma state following
CA. Recent European guidelines [81, 82] have recognised
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EEG as a prognostic indicator in Hypoxic—Ischaemic
Encephalopathy (HIE) but with caveats owing to the lack of
strong statistical evidence from the pooled data of available
studies and the newly emerging influence of confounding
factors such as sedation, paralysis, and TH. In light of the
data published in recent years, the EEG can be useful for
both a poor and a good outcome and neurological prognosis.
To this end, the classification of different EEG patterns into
three categories has been proposed. Highly malignant EEG
patterns include suppressed background without discharges,
suppressed background with continuous periodic discharges,
and burst-suppression background with or without dis-
charges. Malignant EEG patterns include malignant peri-
odic or rhythmic patterns (abundant periodic discharges,
abundant rhythmic polyspike—/spike—/sharp-and-waves,
unequivocal electrographic seizure), malignant background
(discontinuous  background, low-voltage background,
reversed anterior-posterior gradient), and unreactive EEG
(absence of background reactivity or only stimulus-induced
discharges). Benign EEG is characterised by the absence of
all the malignant features stated above. For proper prognos-
tic use of the EEG, the natural evolution and pathophysiolog-
ical basis of EEG changes following CA and return to
spontaneous circulation should be carefully taken into
account. The electrophysiological changes following CA
have been studied in several animal models, showing the
clear evolution of changes over time including an initial
period of complete EEG suppression, a subsequent burst-
suppression pattern, and later transition into continuous cor-
tical activity. The duration of EEG suppression and the
latency of emergence of a continuous background correlate
with neurological outcome and neuropathological injury
[83]. Changes in humans may follow a similar pattern, for

Fig.46.19 Prognostic
significance of Sensory
Evoked Potentials (SEP) and
EEG at about 12 h after
cardiac arrest. CPC (Cerebral

instance, studies describe similar natural evolution of the
EEG signal along with neurological recovery following car-
diac and/or respiratory arrest [84].

Thus, different from SSEPs, EEG is a time-dependent
indicator because the prognostic value of a single pattern
changes over time, at least until 72 h following CA. This
factor strongly influences the “optimal” timing of EEG
recording and the distinct EEG patterns, assisting with prog-
nostication in post-CA patients. In each time frame, if stan-
dardised definitions of EEG patterns are applied, there is at
least one EEG pattern that is specific to good and poor out-
comes. From a practical point of view, we can distinguish
three temporal frames: 12, 24, and 72 h. During the early
phase following CA (12 h, Fig. 46.19), continuous and near
continuous EEG indicate a good prognosis (false-positive
rate, FPR = 0) [75, 85-87]. The value of these EEG patterns
for a good prognosis at a very early stage following CA is
strengthened when the EEG is used in combination with
SSEPs. In fact, both EEG (continuous and quasi-continu-
ous) and SSEP (bilaterally absent) patterns have an FPR =0,
but with opposite prognostic significance (indeed each of
these findings is mutually exclusive of the other). The EEG
and SSEPs recordings in the same patient increase the num-
ber of correctly classified cases (65.2%) in comparison with
the number of patients classified by each test individually
(EEG predicted a good prognosis in 30.5%; SSEPs pre-
dicted a poor prognosis in 34.7%). Moreover, continuous
and near continuous EEG are always associated with the
presence of cortical SSEPs, whereas bilaterally absent corti-
cal SSEPs are always associated with malignant EEG pat-
terns. This consistency of findings increases the reliability
of prediction in a single patient. In literature, there have
been reports, albeit rarely, of patients with bilaterally absent
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cortical SSEPs who have recovered consciousness [88], but
no indication of the EEG pattern in these patients was
reported. The finding of a continuous or near continuous
EEG within 12 h following CA in patients with bilaterally
absent cortical SEPs requires caution in the interpretation
and a repeat SSEPs recording to avoid a false pessimistic
prediction. From a pathophysiological point of view, at least
during the early stage following CA, the lack of correlation
between SSEPs and EEG could be explained by a selective
resistance to hypoxia/ischaemia of their generator systems:
somatosensory neurons have both “receiving” and “send-
ing” properties, and then the preservation of N20 reflects an
intact “receiving mode”; instead, EEG generation mainly
reflects multiple cortical synaptic functions, with greater
involvement of “sending mode” [89]. Within the first 12 h,
continuous and nearly continuous EEG was always associ-
ated with the presence of cortical SSEPs, indicating a low
degree of severity of hypoxic—ischaemic encephalopathy. At
the same time, the bilaterally absent cortical SSEPs were
always associated with malignant EEG as an expression of
severe hypoxic—ischaemic encephalopathy. Moreover, when
malignant EEG was associated with preserved cortical
SSEPs, this indicates an intermediate degree of hypoxic—
ischaemic encephalopathy and may explain why some of
these patients did not have an unfavourable outcome.

At approximately 24 h (Fig. 46.20), the EEG shows less
prognostic utility. Continuous quasi-continuous patterns
begin to lose the specificity of 100% for good prognosis.
Suppression/burst-suppression patterns show a specificity of
100% for poor prediction at 24 h; however, since these EEG
patterns occur in a small percentage (4%) of patients with

Fig. 46.20 Prognostic
significance of Sensory
Evoked Potentials (SEP) and
EEG at about 24 h after

preserved cortical SSEPs [90], the EEG can slightly increase
the prediction of a poor outcome as compared with SSEPs.
Moreover, at this time point, the suppressed pattern has not
yet reached 100% specificity for a poor outcome.

At 72 h, both malignant EEG patterns and bilaterally
absent cortical SSEPs indicate a poor prognosis, with an
FPR =0 (Fig. 46.21). This finding suggests two possible sce-
narios. On one hand, if unfavourable EEG and SSEP patterns
are both present, this confirms and strengthens their prognos-
tic value. On the other hand, since malignant EEG occurs in
some patients with present SSEPs, this allows the prediction
of an unfavourable prognosis in a greater number of patients.
Continuous or near continuous patterns in the later time
frames usually predict good outcomes; nevertheless, some
patients showing continuous and near continuous EEGs in
these time frames can have a poor outcome. These errors in
prediction can be explained by the occurrence of alpha-theta
coma patterns; the pathogenesis of ATC is thought to involve
alternative generators and subcortical pathways including
the caudate nucleus, amygdala, hypothalamus, brainstem,
and basal forebrain [91]. It is conceivable that the organisa-
tion of these subcortical circuits, which are responsible for
the appearance of a de novo alpha rhythm, does not occur
immediately following CA but takes more time to establish,
so that a continuous pattern invariably predicts a good out-
come only if observed within the first 12 h following
CA. There are two possible ways to avoid a false optimistic
prediction. Firstly, the SSEP pattern should be taken into
account; if cortical responses are absent in both hemispheres,
then the prognosis will be poor. If cortical SSEP responses
are present, it would be useful to repeat the EEG after a few
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Fig. 46.21 Prognostic
significance of Sensory
Evoked Potentials (SEP) and
EEG at about 72 h after
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days. In the case of a true ATC pattern, an evolution towards
the malignant patterns (suppressed or low voltage) is to be
expected.

Two more features of EEG, reactivity and epileptiform
discharges, are time-dependent.

The presence of reactive EEG has a high positive predic-
tive value for a good outcome, with a false positive rate = 0
during early TH (within 12 h of CA), when it is evident
despite sedation; however, only a small subgroup of patients
with continuous or near continuous EEG shows a reactive
EEG in this time frame, likely due to sedation. The absence
of reactivity was reported to be indicative of a poor outcome
in a prospective study by Oddo and Rossetti (2014) [92], in
which all patients with an unreactive EEG during TH went
on to have a poor outcome, except for one; however, different
findings have also been reported. [63, 87] The absence of
reactivity as a negative prognostic indicator should be
applied with great caution in the early post-CA period due to
the presence of sedation and/or TH. After 48—72 h, when
there is less interference from sedation effects, the absence
of reactivity becomes more predictive of a poor outcome.
One limitation is that all studies exploring the value of EEG
reactivity for prognostication evaluated this feature as an
“isolated characteristic”. No study included additional anal-
ysis of the background EEG patterns. Indeed, a reactive EEG
may be associated with a continuous background pattern
with physiological rhythms, whereas a nonreactive EEG
may represent a low-voltage background pattern. Thus, since
the EEG pattern may already contain sufficient information

for reliable prognostication, the additional predictive value
of reactivity per se is unclear.

Epileptiform activity is usually observed after 24 h [63,
871, but the presence of epileptiform discharges is not invari-
ably predictive of a poor outcome, for instance, in TH-treated
patients in any time frame [93-95]. This is why many studies
do not include epileptiform activity in the prognostic catego-
ries of EEG patterns in HIE coma. Evidence that this pattern
is less severe than other malignant patterns is demonstrated
by the different percentages of absence of cortical SSEPs in
epileptiform (around 20%) and noncontinuous patterns
(>65% for burst-suppression, suppression, and isoelectric)
[87]; thus, it is conceivable that the former reflects a different
grade of encephalopathy severity.

It remains an open issue whether continuous EEG (cEEG)
should be preferred to standard EEG (30 min) for prognosti-
cation in postanoxic coma. cEEG studies [75, 94, 95] have
been useful in identifying the times at which various EEG
patterns acquire significant prognostic value and in demon-
strating that it is possible to predict good as well as poor
outcomes at a very early stage. However, cEEG is not as
widely available as standard EEG, and it is also more expen-
sive. Crepeau et al. [75] failed to demonstrate that cEEG was
a more effective prognostic tool than standard EEG in clini-
cal practice. Standard EEG can be as informative as cEEG as
a predictor of outcome, provided that the timing of the
recording is considered.

Background amplitude and continuity are the most rele-
vant features in the postanoxic EEG; however, they remain



46 Disorders of Consciousness

763

hard to quantitate by a human observer, with far from perfect
inter-rater agreement. Quantitative measures for EEG
(qEEG) background continuity and amplitude can improve
the prediction of outcome in postanoxic coma. EEG back-
ground continuity and the amplitude ratio between bursts
and suppressions reliably predict the good and poor out-
comes of postanoxic coma [76].

In conclusion, in HIE, the EEG has a high prognostic
value for both poor and good outcomes. In fact, when spe-
cific EEG patterns are found at a certain time from coma
onset, it is possible to predict a neurological outcome with
100% specificity. The continuous and near continuous EEG
patterns found within the first 12 h following CA are always
associated with a good outcome (recovery of consciousness),
whereas an isoelectric pattern (amplitude <2 pV) after 12 h,
a burst-suppression pattern after 24 h, and a suppression pat-
tern after 48 h from CA are always associated with a poor
outcome. Considering the recent recommendation regarding
a multimodal approach [81], an association with SSEP
recording is suggested for two reasons: to confirm a poor
prognosis (increase certainty) and to increase the number of
patients correctly classified (increase sensitivity).
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