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Abstract: One of the current challenges in medicisemonitoring thep a t i depth of 6
general anaesthesiBGA). Accurate assessment of the depth of anaesthesia contributes to
tailoring drug administration to the individual patietihus preventing awareness or
excessive @eesthetic depth and improving patislmbutcome. In the past decade, there
has been a significant increasetie number of studies on the development, comparison
and validation of commercial dees that estimatehe DGA by analyzing electrical
activity of the braini(e., evoked potentials or brain waves). In this paper we review the
most frequently used sensors and mathematical adetfor monitoring the BA, their
validation in clinical practice and discuss ttentral questiof whether these approaches
can, compared to other conventional methods, reduce the risk of patient awareness during
surgical procedures.

Keywords: consciousness; cognitive binding; general anaesthesia monitors; soft sensors;
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1. Introduction
1.1 Why is it necessary to monitor the depth of geremaksthesia

Many surgical procedures would not be possible without the patient entering a state of general
anaesthesia (GA). The essential features of a successful GRaydspy the patient, are a reversible
loss of consciousness with a lack of movement, a lack of awareness, unresponsiveness to painfu
stimuli and a lack of recall of the surgical intervention. Inadequate GA may lead to intraoperative
awareness with recaltiue to patient underdosage) orpimlonged recovery anan increased risk of
postoperative complications for the patient (due to overdosage). An important contributing factor to
inadequate GA is owurrentlimited ability to evaluate the levels of camsusnes$l].

The incidence of awareness has been reduced from ab@¥té ih unselected patients in the
1980s[2] to about 0.1%at presen{3-6]. However, certain surgical procedures (for example caesarean
section or cardiac surgery) or high risk patehave a substantially increased risk of awarefigss
The consequences of intraoperative awareness range from an absence of prolongédcidtéo a
posttraumatic stress disordgf]. In comparison, worldwide anaesthesetated mortality rates dung
the 1990 to 2006 period ranged between 75 (in Thailand)l (in the USA or Japan) per 1000
anaesthetic procedures. The main causes of anaesgtslasg mortality were problems with airway
management and cardiovascular events related to anaasthdsirug administratidig].

Important signs of inadequate patient GAglre 1), signs which develop in response to stress or
painful stimuli, are movement, increased breathing or heart rate and increased blood pegssure
These warning signs are aftattenuated since many surgical procedures require administration of a
muscle relaxant or the patient receives medication that affects the heart rate and blood [[®lessure
Avoidance of muscle relaxants is no guarantee of avoialiveyenessStudies haveeported patients
with awareness under noalaxant anaesthedid-5]. Fortunately, such awareness is very rare and very
rarely reported as unpleas48}.

Figure 1. The relationship between surgical stimuli, general anaesthetics and awareness.
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It is generally believed that awareness will not occur if GA is maintained with a volatile agent
del i vered t o tthaeconpeatratiore of aitdemastSdminionond alveolar concentration
(MAC) [9]. However, for some patients, the use of total intraveamagsthesia techniques is more
appropriategl3,10-13]. Individual variations in patient drug requirements will also lead to occasional
over dosage or under dosage with both voldtdeed and intravenoimsed techniqug9,1]]. Failure
to adjust the anadsttic requirements to individual variations in patient drug requirements and to the
intensity of pain stimulation during a specific surgery procedure will also lead to over dosage or under
dosage with both volatitbased and intravenotmased techniqug9,11].

1.2 Monitoring anaesthetic delivery is not the same as monitoring anaesthetic effect

The potencies of general anaesthetics range over at least five orders of mgdditudewever,
for any given anaesthetic, the concentration at which consciaussdsst is well defined. For
intravenous or volatile anaesthetics, the transition from the conscious to the unconscious state occur
abruptly over a change in concentration of only a factor of less thafl4].6The physiological
mechanism for this abpti switch between consciousness and unconsciousness was expiathed
intrinsic bistability of thalamocortical neurons coupled with the reciprocal inhibitory connections
between hypothalamic sle@oomoting centres and the arousal nuclei in the midbemd the
brainstem, which would tend to favour rapid transitions between high and low states of ascending
arousal14].

Administration of at least.B MAC of avolatile anaesthetic agent should prevent awareigss
and most anaesthetists employ thisrapph to prevent awareness in their daily pradtge Similar
results can be obtained with total intravenous infusion devices that incorporate predicted plasma anc
effect site concentratior[4.6]. However,sincewe measureghe volatile anaesthetictoneentration in
the lungs and only simulate the concentrationintfavenous anaesthetic drugse do not know
exactly and accurately what anaesthetic concentration is reaching thatbalitimes throughout the
surgical procedurdn other words, volatilbased and intravenodmmsed anaesthetic devices measure
or predict drug concentration not drug effgjt

Table 1 Basic characteristics of EEG wave bands.

EEG bands Frequency Hz) Amplitude (mV) Generator of brain waves
U (al fa 8i 13 20i 60 thalamus
b (beta) 13130 2i 20 cortex
2 (gama 30i 70 3i5 thalamus
0 (delt 0,54 201 200 talamus
d (thet a7 201 100 hippocampus and neocorte

1.3 Monitoring anaesthetic depth

The transition from a state of wakefulness to a state of GA is accompanied by prciiangés in
the braifs spontaneous electrical activity recorded from electrodes placed on the scalp (an
electroencephalograph or EEG). The EEG reflects the compound synaptic activity of excitatory and
inhibitory postsynaptic potentials generated by catineurong17]. However, to achieve an optimal
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level of GA, it is not possible, nor practicab adjust the delivery of volatile or intravenous
anaesthetics on the basis of anlioe EEG[17]. Only the advances in computer hardware and signal
processingalgorithms have enabled the processing of EEG signals (Table 1) and the development of
monitors that estimate the depth of general anaesthesia (DGA) on a nedin®olmasig9,1720]. To
understand how DGA monitors work, their respective advantagedisadlvantages, it is necessary to
understand the theoretical foundations that contributed to their design and this also includes a basic
understanding of the relation between GA and consciousness.

2. Consciousness an@eneral Anaesthesia

Consciousness cdre defined as explicit awareness. Awareness implies that the brain is aroused
and that a person has specific perceptual qualities of an expergeggca ot chocolate drink). The
term fAexplicito distinguishes c¢®imgheibrain that areva r €
implicit or unconscious. Explicit awareness does not necessarily imply that the patient will also have
explicit recall, for example the recall of a surgical intervenfii}. The key anatomic structures of the
central nervous syste (CNS) that contribute to the state of consciousness are: the brain stem, the
pons, the thalamus (thalamic nuclei) and the brain cortex with their connecting neural
pathwayq21,23.

2.1 Molecular and cellular actions of general anaesthetics

There are tw types of general anaesthetics: (a) intravenous adergs propofol), generally
administered together with sedatives or ndosand (b) volatile agent®.g.,sevoflurane)Both types
of anaesthetics modulate the permeability of ion channels thalategsynaptic transmission and
membrane potentials in key regions of the CN$,23,24. All general anaesthetic agents are
relatively apolar, to be able to cross the blbodin barrier, and interact with their targe¢( receptor)
through weak polaziation forces and hydrogen bondif#p]. The binding of a general anaesthetic to
its receptor leads to neuron hyperpolarisation due to increased inhibition or to decreased excitation
thus altering neuronal activify26]. The actions of a gemnal anaesthett on the molecular level are
reflected on the brainds el ectri ca-frequency patteint y
of wakefulness (known as activated EEG), to the shkmwve EEG ofthe deep nonrapid eye
movemen{NREM) sleep, and fin& to an EEG burssuppression pattefi27].

General anaesthetics act on different targees, receptors, for examplg-aminobutyric acid
(GABA) type A, nicotinic acetylcholine, and glutamate receptoesy.( N-methylD-aspartate
receptors) in the brajras well as glycine receptors in the spinal d@&i29. A clear distinction has to
be made between tlaetions of general anaesthetics d@neémechanism of general anaesthesia. The
actions of general anaesthetics on the brain receptors are well krievpracess by ch these
actions translate into general anaesthese, (he mechanism of general anaesthesia) is not well
understood?21].
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2.2 Linking the cellular and molecular actions of general anaesthetics with the mechanism of general
anesthesia.

Distinct anaesthetic properties are correlated with distinct sites in the CNS; for example, loss of
consciousness is associated with the cerebral cortex, loss of memory with the limbic system and
immobility and analgesia with spinal cord effef2d]. Gereral anaesthetics modulate the activity of
several CNS structures including the spinal cord, brain stem, pons, thalamic nuclei and specific regions
of the brain cortex (Figure 2). The effects of general anaesthetics on the brain, which lead to loss of
congiousness, are best understood at the level of the cortex and the thalamus.

Figure 2. Key regions (shaded in colour) in the central nervous system that contribute to
the state of consciousness.
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The thalamus has numerous connections to the corexh{e thalamecortical pathway, TCP) and
individual thalamic nuclei modulate the activities of specific cortical regions. In addition, the cortex
sends connections back to the thalanies the corticofugal pathway, CFP) which greatly outnumber
the thalamecortical connections[14]. The corticofugal connections provide a continuous
depolarization of the thalamoortical neuronsguring the brain's wakeful statgreventing them from
entering a synchronized, oscillatory state. The activity of the TCP @lamde with the activity of the
CFP through a positive feedback lodgl]. A reduced activity of the CFP promotes the activity of the
TCP, the TCP neurons enter into an oscillatory mode which further reduces the activity of the CFP and
the subject enterstio a sleegike state {.e., hypnosis). Most anaesthetics (ketamine is an important
exception) produce EEG patterns that are reminiscent of spindlé w&ades, the EEG landmarks of
falling asleep and deep, dreamless NREM sleep, respectively. Most atasesthitially produce
high-frequency oscillations followed by a lower frequency and a higher amplitude EEG pattern at or
beyond the point at which consciousness is[lbdf. It has been suggested that loss of consciousness
occurs when information trafes through the thalamus is disrupted during GA following a reduction
of thalamic metabolism and blood fld&4,30,3]. It hasalsobeen suggested that the thalamus could
behave as a consciousness swif8f]. However, thalamic activity does not decreasih vall
anaesthetics; some general anaesthetos., ketamine) increase thalamic metabolism and some
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general anaestheticse.§., sevoflurane) substantially reduce thalamic activity without loss of
consciousnessvhen applied in low doseand lead to uncatiousness at high dosg32,33. All
anaesthetics will produce sedation at moderate ddasesefore, it is more likely that the effects of
general anaesthetics on the thalamus reflect global cortical acsthigrithan the thalamus acting as a
consciosness switclil,22. It has been suggested tledicient communication among corticateas
(especialy among the longange -corticecortical connectiony requires a functional thalamic
connection[34,35. A functional thalamic disconnection of the braiortex, during GA, could still
lead to cortical arousal, but not to consciousf2gs

All cortical areas are not equally important for the induction of unconsciousness by general
anaesthetics. A complex comprising the lateral temymanetce occipital jurction andthe mesial
cortical core is most likely the final common target for anaestimdiecced unconsciousne§g?).
Anaesthetics disrupt two essential cortical functions: cortical integration and cortical information
capacity. Anaesthetics may disrwgatrtical integration by acting on structures that facilitate Jange
cortico-cortical interactiong22]. Anaesthetics disrupt synchronization of brain areas by delaying
feedback interactions among distant (not adjacent) brain areas within the [@8jtexr between
smallworld networks with predominant local connectivity and a few {argge connectiodsfor
example the corticdhalamic systen{37]. The corticethalamic system produces global responses
during deep anaesthetic unconsciousness. Howevese thesponses are limited to a stereotypic
burstsuppression pattern, with a corresponding loss of information, thus creating a system having only
two possible states.€., on or off)[22,38,39.

General anaesthetics also inhibit the excitatory arowhlnays originating in the brain stem and
pons or potentiate the sleep pathways that control fidm The brain stem and pontine nuclei have
been known to be essential in maintaining cortical arousal and form the so called ascending reticular
formation[14].

2.3. Unity of consciousness, cognitive bindiagd the rechanism oGA

The concept of unity of consciousness was introduced by the 18th century German philosopher
Immanuel Kanf21,4Q. According to Kant, for a perception to haaeneaning its distincqualities
must be brought together into a single experience. Kant postulated the existence of a mechanism the
synthesized the diverse and complex processeseomindto generate a single perceptioe., the
unity of consciousned21]. The visual syem is the best understood model of how the brain processes
and integrates sensory information. The key question, also rkrasv the cognitive binding
problem[41] that arose from these studies widdow does the brain synthesize the elements of visual
processing, located at diverse locations of the cortex, to generate a unified visual per@eption?

Cognitive binding is necessary, but not sufficient, for the brain to sustain the unity of consciousness.
The proposed mechanisms for cognitive binding in trenb42,43 are binding by convergence
(transmission of information from primary processing areas to another region of the brain for
integration), binding by assembly (binding information in a group of “r@@ated neurons whose
connections grow strongamhen repeatedly firing together) and binding by synchrony (coordination of
neural firing in time associated with neural events at the frequency of about 40 Hz). The evidence from
GA and sleep studies suggests that loss of consciousness is associa@dnedakdown of cortical
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connectivity a diminishedcognitive binding,a reductionof the repertoire of cortical activity patterns
(i.e., the predominance of stereotypic responses)dosisof information[1,21].

Recently, aicognitive unbinding paradign of GA was proposed to exjpiathe actions of general
anaesthetic$44-46]. To summarize, consciousness is not arorltone property, but is graded
Il ncreases in proportion to a systemoO0s r apertol
consciousness during GA is proportional to th
states. A transition point is reached during GA when a nonlinear collapse of cognitive binding leads to
loss of consciousne$,21]. A practical apfication of the concept of cognitive unbinding to GA, the
fianaesthetic cascaultheory, was proposed by John and Pricj¥ef). The anaesthetic cascade theory
attempts to link progressive suppression of consciousness during GA with the action of general
anasthetics on specific brain regions.

2.4. The anaesthetised patient

The initial signs ofGA (stage 1 anaesthesia) canastatesimilar to drunkenness, analgesia (the
inability to feel pain while still conscious), amnesia (loss of memory), distortedpéraeptionor
increased sleepiness. With higheraesthetidoses, a patient fails to move in response to a verbal
command and is considered to be unconscious. However, unresponsiveness during GA can occu
without unconsciousness. For example, paralyzgents used to prevent unwanted movements during
anaesthesia do not remove consciousrjd§s. Most general anaesthetics will caus global
deactivation of the brain at higher dosg3. The exceptions are dissociative anaesthetics, like
ketamine, that inease global brain metabolism, especially in the thaldB8#)sThe ketamine induced
changes in global brain metabolism are reflected in the responses of the anaesthetised patien
Ketamine causes loss of motivation to follow commaaidewer dosef49]; at higher doses ketamine
causes a characteristic state in which the eyes are open and the face takes on a disconnected blank st
consistent with the deactivation of executive circuits in anterior cingulate cortex and basal [danglia
At doses near thenconsciousness threshold, some anaesthetics block working memory and patients
may fail to respond because they immediately forget what tp5@o Also, some patients under
general anaesthesia can carry on a conversation using hand signals, but postiypdesty ever
being awake during the surgical procedis#. Surgery is performed when the patienpé&ceivedo
reach stage 3 general anaesthdsigeasingdoses oimoderngeneral anaestheticsg{, an overdose)
do not cause brain dedth?] diredly but lead to cessation of spontaneous ventilation and impairment
of cardiovascular functiofstage 4anaesthes)aThis stage is lethal without proper cardiovascular and
respiratory support, which is standard in a modern opertteaerTherefore, moioring theDGA is
essential to tailor the optimal dose of general anaesthetic to the individual patient thus reducing the
incidence of intraoperative awareness or preventing the effects of an overdose of general anaesthetic
Although there are severabrain-function monitors available they have a limited ability to detect
directly the presence or absence of consciousness, especially around the transition point when loss c
consciousness occuyry. This issue will be discussed in detailSection 4.
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3. Key Considerations whenDesigning andEvaluating DGA Monitors

The searchfor a DGA monitor, that would enable objective, reproducible and continuous
measurement of anaesthetic depth, has lead to the development deEE®encephalograngr
AEP (acousic evoked potentia)sbhased monitor§9,17-19]. Theseenable continuous monitoring even
during conditions during which a patient has lost all responses to external stimuin{p@ainful or
painful). When interpreting the results of EEG orPARased monitrs it is important to distinguish the
influences on EEG activity from the influences on EEG measurements. The EEG activity is influenced
by GA alone, by general anaesthefig8], by physiological states or by other dr§4-60] (different
drugs lead tdlifferent changes in EEG activity).

Most general anaesthetice.q., propofol, etomidte, pentobarbital or halothaneproduce
anaesthesia by increasing the activity of inhibitgrgminobuyric acid type A receptoré§GABAA
receptors a type ofligand gatedion channelsin the brain[1,62. This is reflected in a general
reduction of EEG activity, accentuated with progressive anaesthetic concentrations (Figure 3).
Exceptions to this rule are ketamine, xenon and nitrous oxide that produce anaesthesradiyninte
with other brain receptors, mainly, but not exclusively, by inhibiting excitdfbnyethylD-aspartate
(NMDA) brain receptorg1]. These three general anaesthetics produce different changes in EEG
activity than the so calledGABAAa-type anaesthet®o (e.g., halothang The division é general
anaesthetics betweefilGABAA-type anaesthetiosand finon GABAa-type anaesthetiosis only a
convenient simplificationsince most, if not all general anaestheticgdulate e., potentiate or
inhibit) the activty of several cell membrane chann&lshe brain. For example, sevofluraceuses a
major potentiation othe activity of GABAand glycineactivated ion channeland amajor attenuation
of the activity of NMDA, 5-HT3 (5-hydroxytryptamineland AMPA (J-amino3-hydroxy+5-methyk4-
isoxazolepropionaté receptor channels.

Contrary to expectations, ketamiper sedoes not change the BIS (bispectral analysis) index value
even when patients are unconscid@d]. Administration of ketamine, during total ratenous
anaesthesia with propofol and fentanyl, caused a paradoxical increase in the BlIf6¥aldee
explanation for this paradoxical increase in BIS value was that BIS may have detected a concomitant
and causally unrelated cerebral hypoperfusion ngurihe combined ketamirgropofolfentanyl
anaesthesig63-65] since ketamine does not reduce the baseline BIS; also BIS in an empiric score, not
a pure mathematical construct of raw EEG. Hypoperfusion of the brain can cause changes in EEG
activity that ae visible in the raw EEG record, or more subtle EEG changes that can be detected only
after mathematical analysis. Supporting this explanation is the observation that during ketamine
anaesthesia the BIS value changed (presumably due to cerebral iscimemigptientundergoing
surgery of the aortgs5]. Ketamine has no effects on AEF7-69], consistent with the observed effects
of ketamine anaesthesia on BIS valuBse effects of nitrous oxide on the raw EEG or on the BIS
value are varied and thereforapuedictableg61,62,66,70,7[L Xenon produces BIS values similar to
GABA-type anaesthetics, but some patients with a BIS value suggesting deep anaesthesia, do awak
from xenon anaesthedi@?]. Therefore, current EEG&(Q.,BIS) or AEP based anaesthesiamtoring
devices are not able to reliably assess the |
nitrous oxide are used.
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Figure 3. Relative amplitude changes in EEG frequency bands during pentobarbital (PB)
and ketamine (K) anaesthesia in arningal model. Legend to colour coded EEG wave
bands: blackd) , r ed d),dgyeen bodndigolet(¢). The solid horizontal line
denotes a deep general anaesthesia; the dotted horizontal line denotes a shallow general
anaesthesia.
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b-activation andourst suppression are EEG observed changes in the normal brain activity during
GA. Most general anaesthetics elicit an increasel®iEG frequency band, between 13 and 3] 1&.
Therefore, EEGased depth of anaesthesia monitors have to employ mathanagorithms to
compensattheacftoirv atthiiosn of, to prevent this pattern
monitors as arousll8,73,74. Burst suppression (BS) represents an EEG pattern frequently seen in
healthy brain at deep levels of anaesta[18]. This pattern is composed of episodes of electrical
quiescence (suppression) alternated with high frequency, high amplitude electrical activity (bursts).
The duration of suppression periods increases with anaesthetic depth. Commercially avé@kable
monitors have mathematical algorithms that prevent fiirsd intervals to be interpreted as
arousad the patient being awake and reactive to stif80].

Physiological conditions, such as a{#1,89, race [83,84, gender[85-87], low core body
temperaturg¢88], acidbase imbalancg89-91], low blood glucos§92,93 or brain ischemig62] also
have a significant effect on the raw EEG. Drugs administered to the patient can influence the EEG
either through a direct mechanism on the raw HE&93 or by interacting with the absorption,
distribution and elimination of the general anaesthetic dAg). Of particular consideration are
neuromuscular blocking agents (used to prevent patient movement and to reduce muscle tone) tha
have a distinct effécon muscle electrical activity and indirectly on the signal quality of the EEG
measuremer|97,99. Useful information can only be extracted from the EEG afteppreessing and
analysis in time and frequency domain with numerous mathematical technffpresletails
seeSection 4)

The quality of EEG records is mainly influencegibternal or external sources of electromagnetic
waves. This is the reason for the limited value of raw EEG redordsonitor theDGA. Numerous
sources of interference can tis EEG measurements. Well know sources of interference are the
electrical activity of head muscld99,10Q or heart pacemakgrl01]; other common sources of
electromagnetic waves are hot air blanket systglig and electro coagulation needlg3,104.

The most important source of interference on EEG is the electrical activity ofubees (measured
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with the EM& the electromyogram). The fast electrical rhythms in ghange (30100 Hz) in scalp

(but not intracranial) recordings are predominantlg tuEMG activity in conscious humajfi05. In

addition, electrical rhythms in thggfrequency range recorded from the scalp are inducible by mental
activity and are largely due to EMG that is-tatated to cognitive efforf105. Since experimental
evidence links thegg EEG frequency band with cognition and by extension to the level of consciousness
(seeSecti on 2.3 above) it would be possible to c
GA with the patientds st ianaereamvery tommGEMGoactwitye s s
alone has been used as a marker of anaestihepity but difficulties in interpretégon m&e this
approach impractical)

Auditory evoked potentials (AEP) are the response of the auditory pathway to sound [difinuli
An AEP is calculated by repeatedly applying an auditory stimulus to the patient and averaging EEG
periods that immediately follow each stimulus, thus eliminating thestiotulusrelated portion of the
EEG and preserving the specific evoked potenfial$. These potentials can be divided into several
segments according to the anatomical area of its origin and the time elapsed since the stimulus. The
middle latency auditory evoked potential, 40 and 60 ms after stimulation, represents neural activity
within the thalamus and primary auditory cortex and is most often used as a measure of the anaestheti
effect[17,106108. Compared to the raw EEG, AEP are less sensitive to artefacts that are random in
time of occurrence since these artefacts tend to be elietinfrom the EEG signal by repeated
averagind17].

There is no agreement on the minimum level of performance for EEG or AEP DGA monitors
although many validation studies have been performed (for details see ref@&@hck consensus on
the validationmethodology is urgently needed since we still have no direct measure of consciousness
available in clinical practice and thus no gold standard against which to test EEG or AEP derived
indices of aesthetic depf®,19,2Q. A consensus on the validation medhwould enable to define a
minimal level of performance in clinical and experimental settings and facilitate the comparison of the
vast number of reported trigl$9].

During GA, different patients loose consciousness at different (lower or higher) drug
concentrations. Al so <changes in the ©patientds
anaesthetic drugs. This variability in anaesthetic drug concentration is caused by a variability in the
physiologicaleffects of drugs on the body (differences in pharmacodynamics) and by a variability in
drug metabolism in the body (differences in pharmacokinetics). Therefore it is important to establish
whether a DGA monitor detects reémt clinical changed.€., the transition point between awareness
and loss of consciousness) independently of the amount of drug needed for that effect to occur, since
different patients will reach this transition point at different anaesthetic conoamsg(®,19,2Q.

Improvement of patient outcome should be an essential feature of any DGA monitor. Short term
benefits €.g.,the amount of anaesthetics used, the recovery time or the length of stay in the recovery
room) are easy to quantify but of equadpiortance are the long term benefits like, reduced risks of
awareness or mortality19). What will ultimately decide the fate of any DGA monitor is its
costbenefit ratio to the patient and to society which is validated only by large multicentr¢li®jals

Therefore, a systematic approach to evaluating DGA monitors is necessary to deal with all of the
above mentioned considerationsysleet al proposed a five step approach to validating the ability of
anaesthesia monitors to monitor the depth[G%. These five steps are: (@lidation of the indexor
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detecting clinical signs of anaesthesia during anaesthds@duction and recovery
(b) pharmacokineticlynamic validation, (c) validation of performance under clinical conditions,
(d) demonstratingmprovement of outcome and (f) demonstrating-testefit effectiveness.

4. BasicDesign Chaiacteristics of Current DGA Monitors

Soft sensors are used to simultaneously process signals, that are observed over time and conta
random variations and other gwuiracies, to produce values based on signal interactions. Examples of
software algorithms that can be seen as soft sensorseaye Kalman filters [109, neural
networks[110 or fuzzy computing[11]]. Implementing a soft sensor solution requires a sound
understanding of thprocess as a whole and specifically of the variable measurements. The procedure
for implementing a soft sensor solution includes: data and information collection, data analysis and
modelling, soft sensor model design, new process knowledge and curremt kmpwledge
amalgamation, implementation and commissioning and performance monitoring.

From the engineer s o6 opteeDGAiressentiallya ntoiteringrandrcontrod r i
system. The key element in this system Bsaftd sensor or virtualensor consisting of a hardware
sensori(e., EEG or AEP electrodes) that are integrated with custom hardware and software to produce
a dimensionless numbeg.(.,on the scale from 0 to 100) indicating the level of general anaesthesia.
This number is thensed by the anaesthesiologist as a reference point to decide whether the level of
general anaesthesia is appropriate and if not, to increase or decrease the amount of general anaesthet

4.1 Monitoringthe DGA

The process of monitoring depth of GA andraaistration of a general anaesthetic during surgery
is a closedoop control systemwhere the human is responsible for reasoning and aclibe
anaesthetists play the roles of controller and actuatadeciding on the amount of anaesthetic and
when to @minister it. On the other hand, the activity of monitoring is performed automatically by
commercially available DGA monitors. Together they form a cldsed control system.

In the last decade several experiments have been performed, where anaesshesidrolied in a
closedloop control system without human interference F114]. Although these experiments were
relatively successful and represent a proof of principle, there is still a long way to the autonomous
commercially available depth of GA cook system. Additionally, these experiments raise new
questions, which have been only partially addressedar For example, the challenge is now to
establish fully the safety, efficacy, mility and utility of closedoop anaesthesifor its adoptionnto
the clinical environment [119]. Moreover, these systems still have to go trough rigorous testing and
validation. Additionally, while the closeldop system can maintasconstantargd sedation level it
camot adjust the level of anaesthetic defliyen advance to meet the future needs during a surgical
procedure On the other hand, this scenario can easily be predicteéduccessfullyresolvedby the
anaesthesiologish communication with thesurgeon.Therefore,a closedoop control system for
automatic administration of anaesthetic is feasiblgt some important practical issues have to be
addressed.

The proposed control systems are most oftert brolund a well established BIS monitor, which is
now standard equipment for GA monitoring. Howevim the last decade the BIS monitor has
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undergone rigorous testing, which has shown several drawbacks [118,119]. Therefore the problem of
constructing an ideal DGA is still unsolved.

It is a matter of debate how consciousness is formed let alone hboulte measured. In other
words, we currently rely on indirect measurable quantities, which give us a relatively reliable measure
of the state of awarenesSeveral algorithms and methods hdween developetbr assessment ahe
DGA in the last decaderheir common denominator is the reduction of information, which comes
from one or more complex signals, into a single feature, which reflects the state of consciousness. This
concept put®GA monitoring systems in the domain of software sensors [10P,1

4.2. EEG processing
4.2.1 Time domain analysis

The time domain analysis deals with the changes of the EEG signal in time. The time domain
analysis can be based on some morphological features of the signaburst suppression. On the
other hand the afhysis can be purely statistical, where mean and/or variance can be studied.
Furthermore, EEG is a random nstaticnary signal, so the informatiotheory approach can be
applied, where information theory functionals like entropy can be used to detehaimedree of
randomness of the EEG signal.

Burst suppression

During deep anaesthesia the EEG may develop a characteristic pattern, which is kioanst as
suppression (BS). It is characterised by alternating periods of normal to high voltage activilpghang
to low voltage. This kind of activity is usually seen when the concentration of anaesthetic drug is
high [120,121]. To quantify this effect the burst suppression ratio (BSR) is calculated. BSR is
calculated as a ratio between the duration of suppressid the duration of bursting.

Statisticalmodellingwith autoregressive models

In this case we can approach the problem with techniques that construct models entirely from the
measurements or timgeries, which come from the system [122,123]. Sinceknawledge about the
system is limited, we only try to infer the basic statistical properties of the system. This can be
achieved by using linear stochastic models like autoregressive (AR) models. AR models are basec
entirely on time series data; therefdtee terms they contain do not have a meaningful physical
interpretation. However, a successful model can reproduce the statistical properties of original data.

Information theory and dynamical systems

Many approaches exist for quantifying different aspedtstochastic signals [1227]. One such
approach is by using entropy to quantify the regularity of the system. The entropy can be applied to
time domain signals as well as to the frequency domain power spectrum. In the latter case it is referrec
as thespectral entropy. Entropy describes the irregularity, complexity of the seggah signal which
is periodically alternating between two fixed amplitudes is completely predictable and has entropy
value of zero. On the other hand, a signal which ieggad by some random process has greater
complexity and higher entropy. Also, the entropy has the property that it is independent of an absolute
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scale,e.g., amplitude and frequencydditionally; the entropy can detect ndinear features of a
signal, which makes it an appropriate method for studying EEG signals.

Symbol Analysis

Complex systems and their time series can also be studied with a set of methods, which rely on
symbolic representation of the data. This approach is a crude reductidarofaion; nevertheless, it
can be used to enhance the relevant features of the data. It is particularly useful to track qualitative
changes in the dynamics of the time series [122,M¥BEn applied to the complex signals like EEG
the symbol dynamics approacarnccharacterise the ndinear features of the EEG, which can then be
linked to various depth of sedation.

4.2.2. Frequency domain analysis

The frequency domain analysis is an important approach to signal analysis, where the signal
features are examined liespect to frequency. Witkourier analysis one obtains amplitude and a phase
spectrum, which is analogous to the histogram of amplitudes and phase ahgdles signal
components [128].

Fourier transform

The Fourier Transform (FT) plays a central roletle implementation of a variety of digital
signatprocessing algorithme,.g.,filtering and spectral analysis [128]. When applied to the analysis of
the EEG it is mostly used to calculate and derive different spectral features, which are important to th
depth of GA: absolute and relative power in various frequency bands, spectral entropy, spectral edge
frequency, median frequency [133,1561].

Bispectral analysis

In the case of the FFT analysis, the phase spectrum yields information about the phase of
components in relation to the start of the computation window. The bispectrum measures the
correlation of phase between different frequency components [129,162]. Additionally, bispectral
analysis has other features like the suppression of Gaussian hasenhancing the signal to noise
ratio. Finally, the bispectral analysis is susceptible to-hoear relationships in the signal, which
makes it very useful for processing the EEG signal.

4.3 Commercial DGA monitors

The first commercial EE@onoparametr was the Bispectrahdex or BIS, which was first
introduced in 1992 and after 1999 others followedy.( Narcotrend, AERMonitor/2, PSA,CSM ...).
These monitoring systems analyse the potentia
After the signals are digitalised on the AD converters, thgppreessing unit determines which part of
the signal is going to be analysed. Next, the artefact algorithm is applied to remove possible artefacts
stemming from eye movement, swallowing or heart #@gtivihe quality of the artefact removal
algorithm is therefore crucial for the reliability of the DGA monitor. On the other hand, these artefacts
are sometimes used as surrogate parametgrsdetection of swallowing determines the steady state
of GA. Furthermore, the electromyogram (EMG) can also be used as surrogate parameter since the
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movements of the facial muscles are clearly visible in the frequency spectrum above 30 Hz.
Consequently, the incase of the EMG surrogate parameter is interpreted deceease of the
anaestheticbs effect and vice versa. Next, al
against the signals from the databa3é® measured signal is then compared against the sangtes fr

the database and classified. Consaly, the index is as good as the database against, which it was
trained. Finally, the calculated index values are-postessed to minimize fluctuations on the output.
This is done by averaging over past index values, which stabilises the index, $utetaldinto the

index. Therefore, all commercial indices are: (a) constructed abstract quantities that are not directly
linked to any physiological parameters and (b) have an inherent time delay (Figure 4). In the next
sections, we will present some ofethilepth of anaesthesia monitors, which are in use in clinical
practice and have endured some amount of clinical testing.

Figure 4. The conceptual diagram of a DGA monitor.
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4.3.1. BIS monitor

The BIS index was first introduced in 1992 by Aspect Medicat&ys. The main component of
the BIS monitor is the bispectral analysis, which evaluates the phase relations from a single channe|
EEG signal measured from the patientods forehee
100. The BIS algorithm igot publicly available; nevertheless, Rampil [131] disclosed some parts of
the algorithm in 1998. Since tldS algorithm is constantlypdatedthe BIS version must be checked,
when evaluating its performance.

The basic block diagram of the BIS algorithsndepicted on Figure 5. Firstly, the EEG signal is
digitised and prgrocessed. At this stage various algorithms for artefact detection and removal are
applied. The most prominent sources of artefacts are: ECG, eye movement/blinking and power grid
interferences. Additionally, BIS includes two types of BS detection. Firstly, the-bupgression ratio
(BSR) detects the portion of the isoelectric EEG in the last 60s, secondly, the @uUp@iession
detects BS patterns during power grid interferences, wdanhnfluence the BSR algorithm. Next, the
pre-processed data is used to calculatelttratio parameter. This parameter is calculated as a ratio
between empirically determined frequency bandg 430Hz and 1120 Hz). Simultaneously the
second parametesynchfastslow, is calculated from bispectral analysis. It is defined as a ratio
between the sum of all spectral peaks betweei@.F1z and the sum of all spectral peakstioa
interval
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40i 47 Hz. Finally, all parameters are then fed to the weightingrigthgn, which produces the BIS
index [131133,162].

Figure 5. The block diagram of the BIS algorithm. Abbreviations: BSR (burst suppression
ratio), electromyogram activity (EMG), FFT (fast Fourier transform).
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4 .3.2. Narcotrend monitor

The Narcotrend motor is produced by MonitorTechnik and wastroduced in year 2000. The
Narcotrend monitor classifies the state of anaesthesiafivdostages according to the work of
Loomis et al. [138]. The stages (&) were further subdivided into three sstiages # the work of
Kugler [139]. Therefore, the Narcotrend Monitor can automatically distinguish betweandl¥b
stages (depending on the software version). Additionally, in analogy withtiedSewer versia of
the monitor also displaghe index value (0100).

The development of the algonthwas based oa huge database of measurements, which were
visually classified intdive stages. Next, a set of parameters from timealniend frequency domain
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analyges were determinede.g., several spectral parameterspectral entropy and autoregressive
parameters. These parameters were further statistically analysed to detect the parameters, which wel
the most suitable to discriminate between stages. Finally, visual inspection, classification and
extraction of the grameters, were the foundations for the development of the classification function,
which automatically clasfies the EEG intdéhe proposed stages.

Figure 6. The block diagram of the Narcotrend algorithmbbfeviations: BS (burst
suppression), TD (time daeain), FD (frequency domain), electromyogram activity (EMG).
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Figure 6 shows the algorithm for calculating the Narcotrend index. Firstly, the EEG is recorded
from three electrodes which are placed on the forehead. Secondly, the digitised signal isdstdjec
extensive artefact detection and removal algorithms. Then, it is analysed in the frequency domain on
the frequency interval between Oald 47 Hz. Next, the calculated parameters are passed to the
classification function. Meanwhile, the monitor edites the surrogate parameters.,EMG, which
are used in plausibility testing of the calculated index {134].
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4 3.3. AEP-Monitor/2

Many studies were performed, whéine AEPwere used to infer the level of GA. However, the first
commercial monitobased on AEP was introduced by Danm@te2001 After further researctthe
same company introduced the new version of the monitor-M&R/tor/2, which is not only based on
AEP, but includes also spectral EEG parameters. The monitor uses autoregresdrie wmiith
exogenous input (ARX) to detect the AEP. The ARX were used because the method enables fas
responses of the monitor.

Figure 7. Block diagram of the algorithm of the AHRonitor/2. Abbreviations: ARX
(autoregressive models with exogenous inpuBS (burst suppression), BSR
(burst suppression ratio), BPF (band pass filter), EMG (electwgrayn activity),

AAIl (AEP-ARXI), SNR (signal to- noise ratio).
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Like other successful DGA monitors the new version of the index calculates also th&R¥»=P
Index (or AAIO A-line autoregressive indgxwhich is a dimensionless number. Unlike other
monitors, AAI can be displayed on two scales: either from 0 to 100, or from O to 60; the second scale
is recommended and the optimal anaesthesia is achieved if the vatless are between 15
and 25.

The algorithm of the AAI index is shown on Figure 7. First, the monitor records EEG, while the
short bilateral clicks (2 ms) are emitted through headphones. Second, the monitor digitizes the signal
and detects and removegsedacts. Next, the signal is put through several hzass filters (BPF) to
detect various features in different frequency bands. The AEP are detected in the frequency
range 2565 Hz, with the use of ARX. The reconstructed amplitudes and latencies Aratedafter
the ARX analysis. Meanwhile, the analysis of the EEG in frequency band betwédénHz is
performed by an undisclosed algorithm. Because the EMG is propagated in the same frequency banc
the AAI can be influenced by the EMG artefacts. Next, decision how the AAI is constructed from
AEP and EEG analyses is made by the weighting function, which is basedsigntiieo- noise ratio
Next, the AAl is displayed on the front panel of the instrument. Along with the AAI, additional EEG
parameterare displayed: the signal quality bar shows the user how the AAl is constructed from its
components. For additional information, the burst suppression ratio and EMG bars are also displayec
alongside the AAI. All of the above parameters must be monitoneditsineously in order to ensure
optimal sedation of the patient during GA [1283,148].

4.3.4. PSA 4000 Monitor

The Patient State Analyser 4000 fSvas developed bthe PhysiometrixCompany and launched
in 2001 in the USA. Unlike other indices the PSAnitor calculates the value of the index from four
EEG channels (see Figure 8). The acquired signals afg@cessed ananartefact removal algorithm
is applied. Next, the frequency domain analysis is applied to calculate several febspesficEEG
frequency bandg, g, a, b, gandof total EEG frequency ban@i 50 Hz).

The PSI uses a set of features that best describe the variances, which are related to the EEG. The:
features were derived from the analyses of databases obtained in previoas. sihéi databases
contain a huge number of EEG measurements and were used to: (a) devaltgfact detection
algorithm, (b) determine features for description of anaesthesia states and conditions and (c) calibrate
the PSI index. Next, the set of feawmiround to account for most statistical variance related to
hypnotic state (selected from database recordings) were derived for input tostnenidant
algorithm. These features include measures such as: (a) absolute power gradient between frontpole
andvertex regions irg, (b) absolute power changes between midline frontal and central regibns in
and between midline frontal and parietal regiomjr(c) total spectral power in the frontpolar region,

(d) mean frequency of the total spectrum in midlirenfal region, (e) absolute power in tthéand at
the vertex and (f) posterior relative power in slw
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Figure 8. The block diagram of the algorithm of the PSAGD monitor. Abbreviations:
BSR (burst suppression ratio), FFT (fast Fourier transfdP®),(patient state index).
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All features arencluded in a plausibility analysis to calculate the Patient State Index (PSI), which is
a dimensionless number from 100 (awake) to O (isoelectricity). Additionally, surrogate analysis is
performed by calculatg two parameters: BS and arousal detection. This meah®ath parameters
modulatePSI index in the case when the signal quality is under question. Finally, before the index is
displayedit is postprocessed with an averaging algorithm, to proadeore stable output [144,145].
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4.3.5 1oC Monitor

The Index of Consciousness (loC) monitor was introducethéyMorpheus Medical @npany.
The 1oC records the electroencephalogram (EEG)thgbs ur f ace el ectrodes at
forehead. The ma parameter of the 10C is the symbolic dynamics method, which divides EEG into a
finite number of partitions and assigns a symbol to each partition. The alternation of these symbols
determines the dynamics of the EEG. The symbolic dynamics detects timexononlinear
properties of the EEG that can be correlated to the depth of anaesthesia [146]. The IoC monitor
incorporates additional parametebsratio and EEG BSR. All these parameters are then combined
through a set of fuzzy logic rules into a singlelex. Besides IoC, the monitor displays EMG bar
signal quality bar and BSR. The algorithm is depicted on Figure 9. [146,147].

Figure 9. The block diagram of the loC's algorithmAbbreviations: BSR (burst
suppression ratio), FD (frequency domain), elengrography activity (EMG).
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4.3.6 Cerebral State Monitor

The Cerebral State Monitor (CSM) was introduced tbg Danmeter @mpany in 2004. The
monitors algorithm is build upon the EE&gorithm of its predecessor ABWonitor/2 and uses the
same electrode The CSM is a portable, wireless monitor that uses fuzzy logic to calculate the cerebral
state index (CSI). The algorithm is depicted on Figure 10. Firstly, one channel EEG signal is
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pre-processed and then processed by an artefact ideteetd removahlgorithm. Thepre-processed
signal is then used to calculate three parameters in frequency domainrdgad, (b)b- ratio and (c)

a- b-ratio. Additionally, the BS analysis is applied to calculate the BSR. Afterwards, all parameters are
fed to a fuzzy log inference system to calculate the cerebral state index (CSI). Finally the CSM
displays the CSI, BSR and EMG values [148].

Figure 10. Block diagram of the algorithm of the CS Monitor Abbreviations: BS (burst
suppression), BSR (burst suppression ratkd), (frequency domain)glectromyogram
activity (EMG), CSI (cerebral state index).
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4.3.7. EntropyModule

The Entropy Module was introduced in 2003thg DatexOhmeda Company. The product is based
on many studies [150,151,161], which show that entropydcbalused to characterise the EEG and
the depth of GA. The main idea is that increasing depth of anaesthesia causes increase in regularity c
the EEG, which can then be inferred by the entropy and used to estimate the depth of anaesthesia.

A block diagramof the monitor's algorithm is presented on Figure 11. The first step of index
calculation is the digitalisation of a single channel EEG. Then, the monitor applipsopessing
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algorithms. Nextthe digitised signal is put through the artefact detectimhramoval algorithm. After
that, the signal is divided into two frequency bandsi @8Hz and 0.847 Hz).

Figure 11. Block diagram of the Entropy module algorithm. Abbreviations: BS (burst
suppression), BPF (band pass filter), BSR (burst suppressio), i&ET (fast Fourier
transform).
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The FFT of the signals performedwith various window lengths. This technique is similar to the
multi-scale analysi.g.,wavelet analysis, where different window lengths ensure optimal resolution
for each frequenc band. The spectral entropy is then calculated from the power spectrum of the
particular epoch of the signal within a particular frequency band. According to the aforementioned
frequency bands, two features are calculated: state entropy (SE) and response (RE). Both are
dimensionless numbers betweer®and 1060, respectively. Additionally, the monitor performs the
BS analysis and displays the BSR. The main difference from other DGA monitors is that this monitor
outputs two index values. While ti8E includes information only from EEG, the RE also includes the
EMG activity and can be therefore used as a surrogate parameter. Consequently, the difference
between indices, which is larger than 10 indicates increased muscle activity. In conclusioonitbe
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does not perform any fusion of the calculated features into a single index like in the previous cases
(e.g.,BIS). Therefore, the interpretation of the results is left entirely to the anaesthetist [79,149,150].

5. Comparison of theTechnical Properties amongDGA Monitors

In this section we discuss the key qualities that are shared ghwig>Amonitors, as well as the
differences that may be important for the performance of a DGA monitor in clinical practice. These
qualities are summarised in Talde

5.1 The e of a priori knowledge idevelopment of the decision making algorithm

The iterative process in development of the index algorithm improves its quality and reliability. In
this process the algorithm should be refined against a high gdatapase with expert interpretation.
In this regard several publications exist about the development of the BIS, Narcotrend and PSA
monitor algorithms [131,134,144]. BIS was developed in an iterative process, where the discriminating
parameters were testéar performance against a database of EEG measurements related to different
anaesthesia states [131]. The Narcotrend algorithm was developed in a similar fashion, where the
database was visually inspected and classified into stages. The classifie@nlatrtled to extract the
time and frequency domain features to be used in classification function [134,137]. The development
of the PSI algorithm was based on three databases of EEG records, which were used for developmer
of artefact detection and remoagjorithms, classification algorithms and finally a third database was
used for calibrating the index [144]. On the other hand little is known about the inclusion of prior
knowledge in the development of other indices (AAI, SE, CSI and 10C). This doeseaatthat the
monitors were not tested and calibrated against real EEG signals, however, the size of the database ar
the development process are an important property of the DGA monitor and can reflect the
discriminating power of the index.

5.2 Featuredor calculating the DGA inides

After the pre-processingtage of the data analysis all indices calculate features, which are used for
index calculation. The numband type of features vary from monitor to monitor, although, most of
the features are e$ilsshed empirically and do not reflect any underlying determinism. Exceptions are
BIS, Narotrend and AERMonitor/2 (AAI). The BISperforms a bispectral analysis of the EEG signal
and analyses the phase relationships of the EEG components. Here, a wegkiassf the model
can be made, that the phase relationships are connected to the number of different oscillatory
generators in the brain [131The Narcotrend uses autoregresgi&) modelling to infer different
features [134,148]. Also, the ABRonitor/2 uses AR models to infer AEP from the EEG [140].
However, AR models are only used for modelling statistical properties of tha;sigerefore, it is not
possible to infer the underlying dynamics of the signal. At the same time, Narcotrend use$ a set o
empirical featurebased on spectral power: spectral edge frequenci-aaiib.
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Table 2. Comparison of DGA monitors.
AEP- Entro
BIS Narcotrend PSA 4000 . 4 CSM loC
Monitor/2 Module
Database No; index No; index No; index No; index
included in the basecbn based on based on based on
development of Yes Yes Yes previous previous previous previous
algorithm or for studies of the| studies of the| studies of the| studies of the
inferrence algorithm algorithm algorithm algorithm
Features or . Several
SEF, median .
methods ¢ al frequency Multiscale
. . . r., spectra . i
included in Bispectral s domain analysis, Symtol
. ) entropy, AEP, ARX a,b,a-b i
agorithm analysis, ) features entropy, . dynamics
) relative model power ratios .
betaratio g b extracted spectral analysis
,d,,0,
from power entro
AR model P &
spectrum
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. No Yes Yes Yes No No No
analysis
Burst
suppression Yes Yes Yes Yes Yes Yes Yes
analysis
Plausibility
. Classifica analysis with .
Weighted . . Modulation . .
tion function surrggate ) Entropy, no Fuzzy logic Fuzzy logic
Index sum of ] ) of index ) ) )
. with testing inference inference inference
calculation subparame . i based orSNR ]
plausibility again$ BSR algorithm system system
ters . and EMG
analysis and arousal
parameters
Estimated time
delay (deep
Data not Data not Data not Data not
anaest 63s/61s 90s/26s ) ) ) 106s/55s )
available available available available
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Y deep
Susceptibility to Data not Data not ) No data
. Moderate Moderate . . High Moderate .
EM interference available available available
Agreement with . i
. . More studies More studies
clinical signsof Yes Yes Yes Yes Yes
. needed needed
anaesthesia
Appropriate for
pprop _ No data
ketamine or No No No No No No i
. available
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. ) ) Data not Data not Data not Data not Data not
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available available available available available
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I available available available available available available
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A similar approach as usedfor the PSA, where a set of spectral features were established from
database EEG records [144]. The same approaasasisedby the CSM, which is based @nandb
power ratios [148]. An alternative approactugedby the Entropy Module (SE and RE) artide 1oC
Monitor. In the first case the spectral entropy calculation is combined with-resdtiution analysis,
which yields an optimal timdérequency resolution. The entropy can be regarded asstmator of
signal complexity and is assumed to be related with the DGA [150,151]. Moreover, it can detect non
linear features in the signal. A similar principle is used lgyltt€C monitor, which analyses the symbol
dynamics of the EEG signal. Finally, while the indices mostly differ in the number and type of features
used, the BSR is calculated by all monitors and is included either in the index calculation algorithm, or
Is displayed as additional information for the anaesthetist [18,148].

5.3 Algorithms for calculating the DGA indexes

After the feature extraction is completed, each monitor uses a different algorithm to calculate or
classify the DGA. BIS calculates its valug & simple weighted sum of features [131]. The weighing
function is most probably modulated by the state of anaesthesia, since a linear dependence on BSR i
deep anaesthesia has been demonstrated in [132]. Narcotrend monitor uses a classification functior
which derives the state of anaesthesia from the extracted features. Additionally, the Narcotrend
monitor calculates additional surrogate parameters, which are sensitive to atypical patterns of genera
anaesthesia.g.,K complexes [134]. These parametars then used in a plausibility analysis before
the index is displayed. This is the probable reason for Narcotrend's better performance in comparisor
with BIS regarding the susceptibility to increased EMG activity [152]. Similarly, the-lBRitor/2
(AAI) also has a weighting function to calculate the index from the ARX model. The weighting
function is modulated by the signal quality and the presence of artefacts. Although, the modulation
function implies that the influence of the artefacts on the firdéxnis accounted for, the values of
AAl and BIS have decreased significantly in a study where muscle relaxants were administered to the
ICU patients [153,155]. The PSA first conducts a plausibility analysis to classify the state of
anaesthesia from the wals of spectral features. Additionally, it performs surrogate analysis to test
against artefacts and BS. A specific approach has been taken by the Entropy Module, where the
monitor uses no special inference algorithm but rather relies on two normalisgchlspatropy
values: state entropy (SE) and response entropy (RE). The authors argue that artefacts like EMG
should be treated as a signal and are therefore included in the RE number [79]. The anaesthetist shou
look for a differene betweerthe SE andthe RE, where a difference larger than 10 indicates the
presence of significant EMG interference in the EEG signal. The 1oC Monitor and CSM both use a
fuzzy logic set of rules to produce an index. Although the CSM includes the artefact control function,
the features are calculated on the frequency bands which could include EMG adtlthiyugh, a
comparative study showed that EMG had no effect on CSM or BIS index in children, an open question
remains how much influence the EMG has on the CSM in adulty.[AS@litionally, a case report
indicates a strong correlation between EMG and CSM in an ICU patient [154]. Finally, the IoC
Monitor, which also calculates the index via a fuzzy inference system, excludes the EMG variable
from the algorithm. Alternativelyt idisplays the EMG value separately and it is up to the anaesthetist
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to decide how to react to the increased EMG values. The authors stress the fact that a sudden change
the 10C, accompanied by a rise of EMG, is probably the effect of increased nuisdte d.47].

5.4. The response time of DGAoNItors

One of the most important parametera®@GA monitor is its response timed,, time delay) to a
rapid change in the level of sedation. Unfortunately, not many studies have been performed where this
parameter was tested. Zanner andwkers used recorded EEG data to test the responsiveness of the
DGA indices [157]. The data were selected to represent an awake state, a general anaesthesia and
suppression of cortical activity. Then the authors mesisthre response time of BIS and Narcotrend
monitors to these EEG signals. The study reported time delays between &fconds and 10623
seconds fothetransition between EEG suppression #mlawake state for BIS, Narcotrend and CSM
(see Table 2 fodetails). Additionally, the study showed that the time delays were not constant and
were dependent upon the depth of GA. Also, the response times were different for the increasing anc
decreasing states of GA. Next, a similar study was performedewiheauthors used simulated EEG
signals on the same monitors [158]. The time delays fluctuated between 14 seconds and
155 seconds, also, the rise and fall times did not match for the same DGA index. Therefore, both
studies raise concerns about the timely cteia of rapid EEG changes concomitant with the transition
from general anaesthesia to awareness. Additionally, these findings limit the use of DGA monitors for
pharmacodynamic modelling. Similar studies for other DGA indices have not been published to dat

5.5. Advantages and disadvantages of different DGA monitors

Despite the abundance of studies on commercial DGA monitors, it is still difficult to compare their
performance because there is no consensus on the validation methodology [19] and the ahajority
studies have been performed on the minority of DGA monitiogs BIS, Narcotrend and Entropy
module). Despite the aforementioned problems, the fact that the BIS monitor has been present for
almost two decades and has been evaluated by many studiess ih ade factostandard against
which all other DGA monitors are compared. The BIS and Entropy monitor are the only DGA
monitors that have been routinely used in child anaestljé§&168. However, this does not
necessarily mean that the BIS monitersuperior to other DGA monitors in all other aspects of
anaesthesia monitoring.

Some conclusions can be made about the performance of individual DGA monitors by analyses of
the inferred characteristics of their DGA algorithms (only conceptual descepfoRGA algorithms
were published, no DGA algorithm has been published with full technical specifications sthéar).
influence of various interferences on DGA index can be studied by checking for the presence of
surrogate analysis in the respective dthm. It can be expected that BIS would have more problems
with EMG interference than Narcotrend, which was shown in [169]. This is most likely due to the fact
that Narcotrend modulates the index value with artefact surrogate analysis. SusceptibiM@Bto E
interference is expected in monitors that have a DGA algorithm similar to the PSA monitor. The
performance of artifact removal algorithms was tested in [170], where it was shown that Nagsotrend
artifact removal algorithm was more likely to exclude ttea from further analysis, due to the
presence of artifacts. Unfortunately, no such claims could be made for other monitors, due to lack of
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similar studies. The complexity of the algorithm is an important property, which also influences the
time delay orthe response time of a monitor to an abrupt change in sedation. Here BIS, l1oC and
Entropy Module DGA monitors are advantageous, since their algorithms are simple, that is, they
include few FD or TD features. This fact was shown in recent articles [171Wh2re BIS
outperformed the Narcotrend, PSI and CSM monitor. Here, despite the fact that CSM has a simpler
algorithm in comparison to Narcotrend, it was the slowest to respond to a change in sBdasibn.
suppression ian important indicator of the Vel of deep sedation. The BSR is therefore included in
every DGA monitor. The way it is incorporated into the algorithm might have the influence on the way
monitors react different or extreme conditions like oversedation. The monitors like BIS, Narcotrend,
loC, CSM might havean advantage, since the BSR analysis is directly included in the index
calculation, while on the other hand, monitoke IAERMonitor/2, PSA and EntropyModule use BSR
analysis in surrogate analysis to modulate the value of the indaxsome cases display the value of
BSR independently. This fact was reflected in the study [173], where BIS outperformed the PSI (PSA)
in the prediction of oversedation.

Recently, two studies compared the monitoring of GA with the BIS and the CSM (ethdea
low cost DGA monitor) during propofol/remifentanil [174] and propofol/fentanil anaesthesia [175]. In
the first study, the CSM was a satisfactory alternative to the BIS for monitoring hypnotic effect in 87%
of patients; in 13% of the patients, th8& displayed values indicating an awake state despite clinical
sleep, all correctly identified with the the BIS [174]. In the second study, propofol anaesthesia guided
with the CSM resulted in 20% higher propofol doses compared with the BIS; there wa@aadly
relevant differences in recovery times [175].

The DGA monitoring technology is promising and used widely, nevertheless to date no health
authority has so far recommended that such monitors should be compulsory during general
anaesthesia, but shid be considered only on an individual bd4ig].

6. Towards aBetter DGA M onitor

There is a growing interest in EEéased DGA monitorswhich is illustrated by the increasing
number of new DGA monitors that are used in clinical practice. The paceselopgment of future
DGA monitors will depend on two types of changes: changes in the validation process and the
introduction of new concepts in the design of mathematical algorithms that interpret EEG signals
during GA. The validation process of EEG or ABErived indices of aesthetic depth would be
accelerated if a consensus could be reached on a validation prpi8toMost likely, such a
validation process would have to be developed and coordinated by an international professional body.
Several algortims were developed for the calculation of EEG or AEP derived metrics but most have
not been published fully or not at all. The practice of using eemce algorithms for development of
future DGA monitors would accelerate the improvement of existing D@Aitors and hasten the
arrival of the next generatid20]. The key challenge that faces the developers of DGA monitors is the
design of algorithms that measure the transition from consciousness to shallow and then to deer
anaesthesia independently of thye and concentration of a general aesthetic needed for these
transitions to occur. Current DGA monitais not measure the stateconsciousness dictly, butcan
still assessquite well the transition point when loss of consciousness octursmost gneral
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anaesthetics witthe exception oketamine,nitrous oxide or xenofl9,2(J. For the same reason no
currently available DGA monitor distinguishes among the waking state, anaestineliced
unconsciousness, REM, and ABEM sleep. This deficiency ds important practical
consequencési.e,, it is not always possible to detect a sleeping patient before surgical stimulation
causes arousal and awarengkg]. A potentially promising way forward, in the development of
algorithms for monitoring the DGA, ould be the correlation of information integration in the brain
with different stages of unconsciousng&§)]. As discussed previously, the loss of consciousness
during GA seems to be associated with a breakdown of cortical connectivity with concomitant,
quantitative and qualitative changes in the flow of informatib&1).

To maintain an appropriate depth of GA, anaesthesiologists routinely increase the delivered
anaesthetic concentration in anticipation of increased surgical stimulation. R{pcke -avakens
systematically studied the EEG concentratiesponse relationship of desflurane and concluded that
surgical stimulation shifted the desflurane concentratielectroencephalographic effect curves for
the BIS index toward higher desflurane concerureti[177].DGA monitorsdiscusgd in this review
areessentiallynonitoring only the hypnotic component of G&ddo notevaluatehe patienh s st r e ¢
level during surgery(i.e., the nociceptive component of GAjor example, durinGA maintained with
desfurane or propofola surgical incision (a painful stimulus) has modest effects on tl fgditerns;
theseeffectsare not strongly modified by the depthasfaesthesias estimated by the B[878. The
monitoring of stress response during surgery is mand, because prolonged surgical stress can lead to
increased morbidity and delaypdstoperativeecovery[179-181]. Surgical stress reflecthe balance
between nociceptiagnthe neural processes of encoding and procesgiagful stimuli and
antinociceptio® a reduction in pain sensitivity produced within neurons for example due to the
application of drugs that relieve pain. Traditionally, the changes in heaan@iarteial pressuravere
used as signs dhcreased nocaption during GAbut their specificity and sensitivity is not very
high[182183. Changes in skin conductanid84] or the number of skin conductance fluctuatipes
second[185 are reported to be moreseful for estimating surgical stress then heart rate or arterial
pressureRecently several multivariable approaches for measutimegnociceptioé anti-nocipection
balance were developethe surgical stress index (SSI), the response index of nocicépidnand
the noxious stimulation response index (NSRI). The NSRI is computed from hypnotic and opioid
effectsite concentrations using a hierarchical interaction maties reported to better predict the
analgesic component of anaesthesia than the BISAbindex or predicted propofol or remifentanil
concentration$189. The RN al gorithm combines informati ol
signs of nociceptionremifentanil levels and estimation of noxious intensity of surgical incision into a
clinical score from 0 to 100187. The SSI is based on a sum of ther normalized pulse beat interval
and the pulse wave amplitude time series of pHetigonography. SSI appearedite a better measure
of thenociceptio® anti-nocipection balance than staed response entropy, heart rate or pulse wave
amplitude[188. Prospective validation studies have yebe done for all threledices

7. Conclusions

General anaesthetics have been used in medicine for more than a century without a clear
understandingf the underlying physiological mechanisms that regulate the transition from a wake
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state to an anaesthetimduced unconsciousness. Recent advances in the field of neurobiology and the
introduction of EEG baske DGA monitors have made important contribuigo bwards our
understanding diundamental changes in brain activity brought about by general anaesthetics. Current
DGA monitors directly measure the concentratti@pendent affect of a limited number of general
anaesthetics on the brain and indirectly $sftate of consciousness during Ga#iso they do not evaluate
the patient ds st rie, shenoticeptive componentiomGiljhesdevielgpenent/of g

true DGA monitor,which directly measres the state of consciousnem®d also the nocicepte
component of GAwould enablenot only a safer and more ceaffective anaesthetic procedutmit

would also provide us with a key to a deeper understanding of the essence of human being, the one th:
defines us with respect to other living beingg] amould give the centuries old philosophical statement

Je pense donc je sdig think, therefore | ana profoundly new meaning.
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