Characterisation of awakening from anaesthesia imifants

A thesis submitted by
Michael Roy Joseph Sury
for the degree of Doctor of Philosophy

From the Portex Unit of Anaesthesia,
University College London Institute of Child Health
June 2010

Page 1



Abstract

There is uncertainty about the doses of anaesttietgs required for unconsciousness in
infants. It is important to both avoid inadequabses leading to intraoperative awareness
and also excess doses that may harm the develbmng Depth of anaesthesia
monitoring has been developed in adults based afsmtroencephalography (EEG). The
EEG of infants is different and few data are avddaHeart rate variability (HRV) using
the ECG is another non-invasive tool that couldi®ed in infants. The hypothesis of this
thesis is that EEG and HRV could help predict ormaaf awakening after anaesthesia.
Awakening was defined by a panel of experts asast|2 of crying, coughing, vigorous
limb movements, eyes open or looking around. Aaslét clinical model of awakening
from anaesthesia was determined in a series dfgiildies. Intubated infants
anaesthetised with sevoflurane were studied afitgresy. Tickling the foot proved a
reliable stimulus to cause awakening. EEG and HRYevmonitored at the end of
surgery during emergence. Events and behaviour vwéeeed and characteristics of
EEG and HRV were identified. After awakening be&WG and other interference
made signals difficult to interpret. In all infartiteere was negligible EEG power in
frequencies higher than 20Hz and most power wagquencies less than 5Hz. Infants
older than 52 weeks post menstrual age (PMA) haukaitiatory characteristic within

the 5 to 20 Hz range during anaesthesia that redageower appreciably as sevoflurane
levels decreased; power in 5-20 Hz reduced tothess 100 ¥ before awakening began
which may provide a potential warning of awakeniimgants less than 52 weeks PMA
had low EEG power in 5-20 Hz throughout. EEG poinehis frequency band during
anaesthesia increases with age. HRV was low damiagsthesia but increased before
awakening began. HRV low frequency power increasdxlirsts as anaesthesia levels
decreased. A case report demonstrated the poteatied of P5-20Hz and LF HRV band
power in the development of intraoperative deptharaesthesia monitoring in infants
older than 52 weeks PMA.
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Description
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Abbreviation Description Abbreviation Description

RMSSD square root of MSSD UMSS University of Michigan
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Abbreviations grouped by theme

EEG channels

HRYV time domain
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standard deviation of NN
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adjacent pair of NN

intervals
mean SSDIffNN
square root of MSSD

the number of pairs of
adjacent beats with an
absolute difference more

than 25 milliseconds

percentage of NN interval
that differ by more than

25 milliseconds
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1 Introduction, objective and outline

Anaesthesia has been defined as a combinationcohsniousness, amnesia and
immobility.> Three types of drugs, or components, are userktiea state of
anaesthesia. The most important drug is a hypmdtich causes unconsciousness but
also necessary are an analgesic to prevent palrg aruscle relaxant to prevent

reflex movement. Each component has an effect tipwothers. For example a high
dose of a hypnotic drug can be used to suppressfulakss and movement to painful
surgery but its dose can be reduced by the addifiamalgesia and muscle

relaxation. An ideal anaesthetic therefore is amatd technique in which the doses
of the three components are minimised. Nevertheteegprimary endpoint is

unconsciousness and the focus of this thesisnsetsure it.

During surgery the dose of a hypnotic needs todpgsted to control the arousal of
the central nervous system and to prevent therr@tuconsciousness. Inadequate
dosing could lead to awareness and distress whexkeassive dosing may cause
unwanted side effects. Purposeful movement or asa® in heart rate and blood
pressure may indicate awareness but these feattgemt specific to consciousness.
Movement can be a feature of spinal reflex actigitg sympathetic cardiovascular
responses are not necessatrily related to conslevels High heart rate and blood
pressure can occur even with high doses of hypuotigs, and conversely can be
absent in an awake patient given high doses ofidgiin adults consciousness is
demonstrated by the ability to communicate anditiee of hypnotic that causes
unconsciousness has been estimated. In infantsvieowee dose is uncertain and is
based upon an assumption that it relates to the tth@$ prevents movement.

Avoiding excessive doses may be important, bechyseotic drugs have effects on
major organ function. Infants may be vulnerablérag toxicity because of immature
drug metabolism and excretion, and acute cardiafasand postoperative
respiratory dysfunction may also be problematictii@rmore, high doses of hypnotic
agents cause apoptosis in the developing brailabofatory animals and could occur

in humans also.
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In patients who cannot communicate, a monitor oscmus level could help to
prevent both inadequate and excessive doses gyttanic situation of anaesthesia
for a surgical procedure. Such a monitor would nedae practical in a wide variety
of situations and be able to rapidly process sgfram non-invasive skin sensors.

Cerebral cortical electrical activity is assumedbéorelated directly to conscious level
and is measured using the electroencephalograpB)(EEypnotic drugs have dose
dependent effects upon the EEG in adults and, @dfinds reliability is debated, the
EEG may be used to estimate depth of anaesthedidt BEG data may be applicable
in children but not in infants because the norntaGEof infants is different. There are

few EEG data from infants during anaesthesia.

Autonomic nervous system activity is indirectlyeaffed by conscious level. Change
in heart rate is controlled by the autonomic sysée is easily and rapidly detected
by electrocardiography (ECG). In health there iathe beat variation in heart rate
related to autonomic function. The effect of anlaesia depth on heart rate variability
(HRV) has been investigated in adults but few @aiat to determine its value in

infants.

Any monitor of conscious level, direct or indiresgeds to be validated against
accepted behavioural markers of consciousnesslultsscommunication can be used,

but in infants surrogate markers are necessary.

This thesis investigates the EEG and HRV in infalisng recovery from anaesthesia
with the prime objective of identifying and testiolgaracteristic features of
awakening that could be used to develop a monftoowscious level to help guide

the dose of anaesthesia in order to prevent batteiquate and excessive dosing. The
following chapters are concerned with two main teenthe development of a model
to test conscious level during anaesthesia in tefaand the investigation of

characteristics of the EEG and HRV that may deiegrredict of awakening.
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1.1 Objective

To identify and investigate EEG and HRV charactesshat may warn or predict

awakening from anaesthesia in infants
1.2 Outline

Table 1-1 provides an outline of the main contehtsach section.

Table 1-1: Thesis outline

Section Main contents

1. Introduction and objective

2. Background

3. Hypothesis and plan of investigation

4, Methods — general aspects and equipment
5. Development of the model of awakening from anaastéhe
6. Characterisation of EEG changes

7. Characterisation of HRV changes

8. Further observations

9. Discussion and future directions

10. Appendices

11. References
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1.3 Summary of the aims, outputs and dates of each stud

A summary of the studies in this thesis is presebtdow in Table 1-2.

Table 1-2. Summary of the aims, outputs and ddteaah study in infants

The aims and outputs of each study are in thedimdtsecond columns respectively

5.1. Assessment of arousal and stimuli in non-intwted infants

(Protocol 03AR16 versions 2 and 3; 20 infants stddMar 04 — Aug 05)

* to determine the reliability of - Loud noise is not a reliable stimulus

loud noise as a stimulus to rouse - The model of awakening from anaesthesjia

an infant from anaesthesia in which the infant is breathing

to assess the feasibility of using spontaneously without a tracheal tube is
a model of awakening from associated with airway and breathing
anaesthesia in which the infant problems.

is breathing spontaneously . There may be age related EEG power
without a tracheal tube spectrum changes associated with

to examine responses (including awakening

EEG changes) associated with

arousal or awakening

5.2 Defining awakening by consensu$eb 07 — Aug 08)

To determine working criteria of 29 respondents agreed that awakening in neonates
awakening in a neonate or infant the | after anaesthesia is a combination of at least& of
opinion of a group of Paediatric behaviours and these could reasonably be reduced
Anaesthetists was determined by a | to 5. For the purposes of this thesis the working
guestionnaire survey. Questions askedriteria of awakening in a neonate or infant is

were: combination of at least 2 of:

Is it possible to define - Crying or attempting to cry
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awakening from anaesthesia i
neonates?

What are the observable
phenomena that can be used {
describe awakening from
anaesthesia in neonates?
What stimulus should be used
test rousability in sleeping
neonates at the end of

anaesthesia?

(0]

There was less agreement about testing rousab
Of the three interventions suggested (removal
Qdhesive tape, light touch and oral suction) only

light touch was considered reasonable to use

repeatedly.

vigorous limb movements
gagging on a tracheal tube
eyes open

looking around

lity.

5.3 Assessment of awakening in unstimulated intubadtl infants

(Protocol 03AR16 version 4; 9 infants studied, B8b- July 08)

To further investigate the
characteristics of EEG change
during awakening from
anaesthesia

To determine which EEG
channels may be most useful {
detect changes during

awakening

[72)

High power and a prominent frequency
within the range of 5-20Hz is a feature of
the EEG in anaesthetised infants older th
52 w PMA.

One minute before movement or
awakening power within 5-20Hz decreas
Younger infants do not have this feature.
It is most obvious in frontal, central and
centro-parietal channels.

Unstimulated infants may take too long t(
awaken spontaneously
A stimulus should be applied to intubateg

infants to test the sequence of behaviour

an

=4

al

changes that may be predicted by changes

in EEG and HRV.
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5.4 Assessment of awakening in stimulated intubatedfants

(Protocol 03AR16 version 5; 20 infants studied, J8r- Sept 09)

To determine the reliability of
skin stimulation in causing
gradual arousal or awakening
To observe the timing of
behavioural changes during
awakening provoked by skin

stimulation

In an intubated infant, in which sevoflurane

is being washed out, tickling the feet
produces a progression of responses,
beginning with movement, then
cardiorespiratory changes and culminatir
in awakening.

Awakening did not begin until

PeiSevoflurane was approximately 0.5%

6. Characterisation of EEG changeginfants studied are those of section 5.4)

To determine EEG
characteristics during
awakening from anaesthesia

after surgery.

To compare EEG characteristi
during awakening after surgery
with those during anaesthesia

before surgery.

To determine if EEG

characteristics of awakening c

be reversed when anaesthesiq i

re-established.

EEG power was larger in the centro-
parietal than the frontal channels.

The EEG after awakening is difficult to
interpret because of interference.
Before awakening most EEG power lies
the low frequency range.

EEG characteristics during anaesthesia
before and after surgery are similar

In the range 5-20 Hz EEG power during

g

sevoflurane anaesthesia increases with age

In infants less than 52 weeks PMA the
power is negligible

In infants older than 52 weeks PMA the
EEG power is greater than100 f1V

This band power decreases during
sevoflurane wash-out and before
awakening began.

Awakening did not begin until P5-20 was
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less than 100 p&/
Parents would not consent to allow

anaesthesia to be re-established for rese

7. Characterisation of HRV changeginfants studied are those of section 5.4)

* To determine HRV
characteristics during
awakening from anaesthesia

after surgery

HRYV frequency domain band power
changes in a characteristic fashion after

sevoflurane is turned off.

Power in LF increases considerably more

that HF and vHF but the increase appeatr
in bursts.
Measurement and comparison of LF pow
at specific times may not describe the
change in LF power in a sequence of dat
The identification and quantification of

bursts may be more useful.

8.1 Assessment of predictiofinfants included in analysis are those of sechal)

» Statistical assessment of the
ability of EEG HRV and ET
sevoflurane to predict a true

sleep state using

0 Receiver operating
characteristics

o Prediction probability

ROC analysis: prediction of a sleep state

was highest using end-tidal sevoflurane

PK analysis: prediction of change in

conscious level was similar in all variable

except EEG power in infants less than 52

weeks PMA

arch

174

er

S

8.2 Potential value of EEG P5-20Hz and HRV LP

(Protocol 03AR16 version ®ne infant observed in Oct 09)

This is case report of an infant who
required re-establishment of

anaesthesia for clinical reasons

P5-20Hz decreased and HRV LP increas

during sevoflurane wash-out

ed

o These changes were reversed Wth

Page 27



* Toinvestigate how P5-20Hz sevoflurane anaesthesia was re-
and HRV LP react to established.
intraoperative stimuli and e P5-20Hz decreased and HRV LP increased
changing BiSevo in reaction to a painful stimulus
* Do P5-20Hz and HRV LP have

the potential to monitor depth of

0 These changes could be reversed by
both intravenous fentanyl and an

. . .
anaesthesia® increase in gSevoflurane

e P5-20Hz and HRV LP have the potential

monitor depth of anaesthesia

—

(0]

8.3 The relationship between age and P5-20Hz duriranaesthesia

(Infants included in analysis are those of sectmBsand 5.4 and also 14 infants and

children from Royal Melbourne Childrens Hospitalaostralia).

* To confirm and further » The combined data support the initial

investigate the association finding that P5-20Hz is related to age.

between age and P5-20Hz

Page 28



2 Background

THESIS THUMBNAIL

* Anaesthesia may harm the
« Background ~» | developing brain

* What is the effective dose?
» Can consciousness be
measured?

» Adult and children EEG and
HRYV data are available
 Infant EEG is different

& no data are available

2.1 Why do infants need conscious level monitoring?

The dose of the hypnotic component of anaesthegdato be adjusted to induce and
maintain adequate “depth” in response to varyiingudation and it is important to
avoid the consequences of both excessive and inatkedoses. Gas sampling
monitors the expired concentration of anaesthetpour and this is assumed to be the
concentration achieved within the brain. The cotregion of anaesthetic needed to
prevent movement in adults and infants has beematstd from limited data. There
are no data to measure the effect of anaesthesiarmtious level in infants. The

evidence for these statements is presented below.
2.1.1 Problems of excessive anaesthesia

2.1.1.1 Cardiovascular depression

Excess doses of almost all anaesthesia drugs dangerous cardiorespiratory
depression. Cardiac function in neonates is moleevable than in adults because the
maximum tension created per unit cross-sectioreal af myocardium is leSsand the

depressant effects of inhaled anaesthetics aréagfédn comparison with adults,
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tissue solubility of inhaled anaesthetics is desedan infants so that equilibration
between inspired and tissue concentrations tales sloonet.Sevoflurane is the
current preferred inhalational induction agent lnsezof its low blood solubility and
least unpleasant smell. It reduces systemic vasms#stance and depresses cardiac

contractility.®

2.1.1.2 Respiratory effects

Anaesthesia in infants often causes appreciablarsipof the respiratory rate and
reduction in the functional residual capacity aiddltvolume® During the early phase
of recovery from anaesthesia the oxygen saturatidmood is commonly less than
90%'° and this is thought to be caused by pulmonareet@$iS’! which probably
persists if consciousness is slow to return. Ppstative apnoea is common in
preterm babi€$ and its incidence decreases in time after anasiathdministration

ends'®

2.1.1.3 Neurological effects

In laboratory rat pups, combinations of large dadasidazolam, isoflurane and
nitrous oxide cause permanent brain damage by pidad neuronal apoptosisThe
cause may be related to both GABA receptor agof@snaction of isoflurane and
midazolam) and NMDA receptor antagonism (an actionitrous oxide). Minor
apoptosis is a feature of normal refinement of aeak circuitry in the developing
brain!® Widespread apoptosis could be triggered by blackinaptic transmission at
a critical stage of rapid brain growth and theredscern that anaesthetics in infants
could also damage the developing braifihe age at which the primate or human
brain development matches that of rodents is uaiceft® and although there are
data showing the cortical apoptotic effect of pnged exposure to ketamine in infant

monkeys®, there are no comparable data in hunfans.

Evidence is being sought to show the effect of sitesia on the developing human
brain?® There have been two retrospective audits of ahildvho had had surgery
before the age of 3 years. Wilder and colleaguesddhat the incidence of learning
disability was associated with the number of arreits>* and Kalkman and

colleagues showed an association between anaestimebsubsequent abnormal
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behaviour of children assessed by their parentsecatded in a questionnafre.
Neither study could specify anaesthesia over ahgrqiotential confounding factors
such as hospital admission and therefore cannobih&dered as reliable evidence of
harm caused by anaesthesia; although these sardi@®t reassuring of “no harm
done”. A multicentre randomised controlled trialisderway in preterm infants
having inguinal hernia repair to compare the effeftsevoflurane anaesthesia versus

spinal local anaesthesia on neurological developfien
2.1.2 Problems of inadequate anaesthesia

Movement and cardiorespiratory signs of sympathediwous activation can be
reduced or prevented by analgesia and muscle tedaxdhese reduce the dose
requirement of hypnotic drii§i*> but potentially increases the possibility of
intraoperative awareness. Despite modern drugprautices, intraoperative

awareness occurs in adults and in children.

2.1.2.1 Evidence of awareness and recall

Intraoperative awareness is a conscious appreciafimtraoperative events and is
either detected during surgery or reported posaipely?® It is under-reported
because sub-anaesthetic doses affect memory aait’fddepression of the central
nervous system is dose dependent and memory lgsbenane of the first modalities

to be suppresséd.

If a patient is not sufficiently anaesthetised, @nduscle relaxants are not used,
movement should be possible. If muscle relaxarsiaed communication is possible
by using the isolated forearm technique (IFT) irichiha tourniquet isolates the
forearm from the remainder of the circulation sattitis muscles are not paralysed by
the relaxant drug. The patient therefore has tpaaty of non-verbal communication
and awareness can be tested during surgery. lirestusing the IFT intraoperative
awareness has been demonstrated that cannot Hedénapatients late?”>° The
method can only be used for a limited period beed@usauses ischaemia of the arm,
and it relies on cooperation. Nevertheless it lnlused successfully in children
over the age of 5y and in a study of 184 children 2 responded dugsimaesthesi¥
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Even though anaesthesia can cause amnesia, tHenneiof intraoperative awareness
is usually estimated by assessment of postopenagoad!. Recall of events can be
either explicit or implicit® Implicit recall involves the triggering of thougbit
behaviour without any appreciation of the reasaritfd***Explicit recall is a clear
memory of real events and can be measured usirgligueaires presented at various

times after the return of consciousn&&y,

2.1.2.1.1 Recall in adults and children

In adults, explicit recall after all types of antesia is approximately 1 in 58but
can be as high as 1% if anaesthesia doses arediffitr example in patients with
poor healthf**°In children, memory for real events has been deband may be
linked to dreaming®*®However recent studies have found that postoperati
interviews detected recall in approximately 0.690.8f children aged between 5 and

18 years*4°

the incidence may have been higher if the questiowas modified to
be appropriate to the age of the cfidFortunately few of these children were
distressed by their intraoperative memories. Adsgtsm to be less fortunate and
some remember extreme intraoperative pain ancedsthich often leads to post
traumatic stress disord&f>* Children who have had pain during intraoperative

awareness seem to have less psychological distetihan adult8®

2.1.2.1.2 Recall in infants

Recall may be assessed in infants by changes awvtmlr or later when they are

older and able to communicate. There are repoysufig adults who can remember
their hospital admission when they were aged 2syehut adults generally do not
remember their childhood events before the agetof43years old (this is termed
infantile amnesia). At age 2 to 3 years languageamense of setfevelop and both

of these are important in the formation of explinmory>® Nevertheless evidence of
recall can be found in infants of 7 to 8 monthswltb are able to find hidden objects.
Such memory is retained for longer with increasigg and is alsaffected by the

type of the experience, the number of times it ccand by reminder cué$At the

age of 9 months information can be retained foreé¢ks , at age 10 months for up to 6

months® and at age11 months up to 12 moriftss.
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An event may alter complex behaviour without inwatyconscious thought. Implicit
memory has been demonstrated in toddlers (2-3 wédysvho were more familiar
with auditory tests if they had had the tests le=fiirthe age of 6-7 monthsThere is
also evidence of neonatal memory; behaviour camdudified by stories read out loud
during the last weeks of pregnari&ynewborns can recognise and their mother’s
voice>® and neonates prefer new rather than familiar im&4& Neonates and young
infants may learn from the pain of heel prickingéese, on repeated stimuli, there is
anticipatory distres®.

2.1.2.1.3 What is consciousness in infants?

Consciousness is difficult to define precisely @sdpplication in infants is discussed
comprehensively by DavidsSi Common definitions use the words awareness or
wakefulness but these may be little more than syman Philosophical and
psychological considerations expose the complexetugive nature of the concept of
consciousness. For the practical problem of anasisthevidence of consciousness in

patients relies on communication and this is nasgde in infants.

While few would disagree that the terms “awakeleé&py” and “asleep” can be

applied to infants, it could be argued that thesgalviours are reflex. Behavioural
changes in response to pain however, even in pmettdants of 24 weeks gestation,
are not considered to be reflex actiiti’® Foetuses and infants as young as 20 weeks
gestation have the neurological structures andextions that enable them to feel
pain®®In the past anaesthesia was considered to beatupetbus and possibly
unnecessary for premature infants undergoing nsajagery® but for the past 2

decades the principle of humane use of anaestaedianalgesia has been applied to
all infants irrespective of their maturatfdrand even to foetuses undergoing surgery

before birth’?
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2.1.3 Uncertainty of pharmacokinetics

2.1.3.1 Intravenous anaesthesia

Propofol is the only intravenous hypnotic suitalolemaintenance of anaesthesia
because, within recommended dose ranges, it icaoniative. Blood concentrations
achieved after a single intravenous dose of prd@tpavailable in infanfd but data
are sparse about the concentrations required totanaianaesthesia. The volume of
distribution is larger, and rates of clearance elidination are higher and more
variable in infants than in childréfiThe time taken to achieve effect-site

concentration also varies with age.

Remifentanil, an ultra-short acting potent opiagdideal for infusion in combination

with propofol and its kinetic characteristics aged variable than propofti.

2.1.3.2 Inhalational anaesthesia

In comparison with intravenous drugs, the kinehiaracteristics of inhalational
agents are much less variable. Provided that treeynaoluble, inhaled vapours and
gases can approach equilibrium in tissues that Aayaod blood supply. Within
approximately 10 minutes of inhalation of a constamcentration of sevoflurane the
end-tidal concentration reaches a plateau an@sedb the inspired concentration. A
small difference between inspired and expired cottagons remains because some
sevoflurane is redistributed to tissues with pdoo8 supply and there is some

clearance by metabolism and non-pulmonary excretion

End-tidal concentration at equilibrium therefor@agximates closely to the
concentration within the brain. End-tidal concetracan be measured by standard
infrared continuous gas analysis. The accurach@tampling depends on obtaining
an end-tidal sample with a plateau. A plateaufigcdit to achieve in spontaneously
breathing infants who have a high respiratory riateabbits and in newborn infants,
the maximum end-tidal carbon dioxide concentrati@asured over one minute is
almost equivalent to the arterial carbon dioxidecamtration. This relationship is true

even at high respiratory rates.
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2.1.4 Uncertainty of efficacy

A sleeping person who has been given a dose ofdtigpcould either be sleeping
“lightly” and be readily awakened by a stimulus berunrousable and therefore
anaesthetised. In the context of anaesthdsath,with its extremes dbottomand
surface is a useful descriptor for conscious level whels the equivalent extremes
of coma and alert states. In coma the brain isgjpmesive even to pain compared to
the alert state that is responsive to trivial stimtis the stimulus therefore that helps

to define conscious level during anaesthesia.

The response however may be difficult to define.al$e response may be brief or
sustained, partial or full. It is possible to agarthe various types of responses into a
hierarchical scale so that a graded responsettmalgs can be described in a scale.
A scale however has problems of validity and réliigt(see section 2.3.1) and it is
simpler to define a single response that does es dot occur. Such ail or none
response is used in dose studies to determinedipemion of individuals who do, or
do not, respond to a stimulus. This is known asantpal response. If several doses
are tested a regression coefficient can be catuliland used to estimate the
likelihood of individuals responding. If the intetysof a stimulus is gradually
increased, rather than the dose, a relationshypdast stimulus and effect can be
estimated. Testing anaesthesia depth therefore teuhpproached by considering
minor stimuli and progressing to more painful stiinoi test deeper levels of

unconsciousness.

Nevertheless, there are several common problemstimating effect. They include
the reproducible nature of the stimulus, the daéiniof effect and the reliability of
the observation. The following stimuli and obseiwas have been used, or could

reasonably be used, to determine the effect of dtypdrugs on conscious level.
2.1.4.1 Stimuli used to test efficacy

2.1.4.1.1 Application of a face mask or insertion of an oralirway

The motor response to application of an anaestfi@stgamask has been used to

determine the induction doses of thiopenf8iaed propofd® that are effective
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enough to prevent a motor response. The stimulysbmalifficult to standardise
because the application of a face mask can begsainlr painful depending upon the
anaesthetist’s skill. The response outcome wagéteeee of the mask by the infant
i.e. lack of “avoidance movement of the head amtihmovement to prevent mask
application”. The authors inferred that the didiimec between acceptance and non
acceptance was clear. Insertion of a finger or aralay into the mouth has been used
to test rousability in infants breathing sevofludut the authors found that some
infants tolerated oral stimulation and would suckithout being otherwise

disturbed’®:®°

2.1.4.1.2 Skin incision

Skin incision is an accepted stimulus becausesinmple, relevant to surgery, and can
be standardised. It has been termed “maximal”’ erasumption that that no other
stimulus is as painful. The response of intereliesprevention of gross and
purposeful movements, but it may be difficult tstaiguish these from reflex

movements.

Even purposeful movements however can be causesfley spinal cord responses
that may be unrelated to cortical activity. This li@en demonstrated in rats in whom
the dose required to prevent movement to skinimeiwas the same in decorticate
and intact animal% Antognini has used a goat model to explore thecesfof
anaesthesia on the spinal cord. In the goat, theddupply to the brain can be
isolated so that anaesthetic can be deliveredetspimal cord and brain separately.
He found that anaesthetic levels in the spinal @gte more important than those in
the brain in preventing both movement and coricalisal which suggests that the
spinal cord is not only responsible for reflex mment but also influences cortical
arousal. Antognini also found that spinal cord seppion reduces cortical arousal
caused by midbrain electrical stimulation and tfeeehas an indirect cortical
suppressive effe@t®® The sedative effect of spinal anaesthesia is kmeiivn in
adults and has been described recently in infastea
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2.1.4.1.3 Noise or verbal command

Young infants do not respond reliably to verbatstii, and this makes it difficult to
define any other end point that could be relatecbtwscious level. As infants mature
to over 6 months of age most will respond to vedbiahulus during recovery from
anaesthesia: Davidson and colleagues found that 29 infants (the youngest was
5m old) responded and the remainder woke up speotsty®>> Response to noise
may be affected if there is hearing impairment @niaesthesia has a direct effect on
hearing. In adults, the dose of anaesthetic requargrevent awakening to verbal
command has been found to be 10% of the dose néegedvent movement to skin

incision®®
2.1.4.2 Estimation of minimal alveolar concentration

The minimal alveolar concentration (MAC) of a disghe concentration which
prevents a response to a stimulus in a specifiepqgption of subjects. The MAC 50%
is the most common term in use and it sometimdadéte median effective
concentration (EC509%). Response to skin incision is the most commondfest
efficacy but other endpoints can be used also.slimate the MAC, ideally, a large
number of similar individuals are subjected to ¥as doses and the number who
respond to a chosen stimulus at each dose is detsffi Logistic regression
estimates not only the MAC (or EC50%) but alsoBE@95%, and from these the
likelihood of a chosen dose being effective caestenated by interpolation.
Inhalational vapours are potent and the differetmetaeen EC50% and EC95% are

small?

The MAC required to prevent response to skin incigias been estimated in infants
for inhalational anaesthetics. Since large numbensfants are not readily available
for study a different method of estimating MAC leen used. MAC can be
estimated in small samples of individuals usingupend dowmethod®® This
involves the administration of one concentrationaour only to each infant and
testing whether there is a response. In a serigganfts, perhaps as few as 12, the

concentration given to each successive infant digpen the response of the previous
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one; if an infant rouses, the next one receiveaglaehn concentration, or if there is no
response the next infant receives a lower condgmitaVhen the series has equal
numbers of responders and non responders, the ECa0%e estimated from the
mean of the concentrations u$&¢lose examination of results, for example those
testing isoflurane, reveals that there is a widea of effective and ineffective doses
and therefore the precision of the measurementdsubt’™® Furthermore, the
statistical methods by which MAC is calculated garbetween authors and has been
reviewed recently* Nevertheless studies using MAC methodology haeklil

interesting results.

2.1.4.2.1 Variation with age

Using theup and dowmmethod, the MAC (immobilisation to skin incisioot)
halothane, isoflurane and sevoflurane have beesunegin infants of various ages.
The MAC of isoflurane and halothane increases fioith, peaks at 3-6 months and
decreases thereafter whereas the MAC of sevoflutaoeases as age increases
(Table 2-1)%%%

Table 2-1: Age and MAC of sevoflurane

Age 0-1 months | 1-6 monthg 6-12 months 12 months

MAC of sevoflurane 3.3 3.2 2.5 2.3

2.1.4.3 Assessment during muscle relaxation

2.1.4.3.1 Sympathetic nervous system activation

Sympathetic nervous system activation producegasad heart rate, blood pressure,
breathing rate, sweating and lacrimation and thesgotential indicators of

awakening. Such autonomic changes are not spézifiwvakening and are likely to
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be associated with pain or distress. It is unethactest this in a conscious patient in a
clinical trial 2*?® Sympathetic activation in response to laryngogdugs been used to
test the efficacy of an anaesthetic in childPdut not in infants.

2.1.4.3.2 The isolated forearm technique

The isolated forearm technique could be used terawbe the dose required to cause
unconsciousness. If this technique was appliedfemts, movement of the arm would
not necessarily signify consciousness but, in coatimn with sympathetic activation
and other physiological measurements, may suppemadossibility of awareness.

2.1.5 Potential advantages of level of conscious monitowg in infants

The following are potential advantages.
* A monitor to guide dosage

A monitor of conscious level or awakening woulduseful because the dose of
anaesthetic varies between individuals and circantgts. Reduction in dose reduces
cost and atmospheric pollution.

* Reduced anaesthesia toxicity

By reducing the dose cardiorespiratory depressimipnged recovery and potential

apoptotic brain damage could be minimised.
« Investigation of effectivéight or minimaP® anaesthesia and sedation techniques

There is a demand for sedation techniques thatremsunobility for painless
imaging. Sedation however is unpredictable in youf@nts. If anaesthesia is
contemplated its risks should not outweigh the piaebenefit of the imaging. New,

effective and safe sedation techniques are ne€ded.
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2.2 Potential monitors of conscious level

The last decade has seen the development of seemsdious level monitors for
anaesthesia although they are not yet used wifldlye evidence of the usefulness of

the monitors of EEG and other potentially usefubadaies is explored below.
2.2.1 Monitors using EEG signals

The cerebral cortex, thalamic nuclei and the asognalousal pathways of the
brainstem and midbrain are important in the cordfaonsciousness’* % This is
accepted for two reasons. First, patients withugdefcortical damage or focal lesions
of the ascending arousal thalamic nuclei or patlswecome unconscious, and
secondly, functional magnetic resonance scarffimgd positron emission
tomography”>"%show that anaesthesia depth is associated wiiresgion of

metabolism in the cortex and ascending arousaiyzais

In adult volunteers PET scanning has shown thdtayloerebral glucose metabolism
in the awake baseline state decreases during miomadesthesi> Moreover there
are regional differences. Overall, metabolism deses more in the cortex than
subcortical structures yet, specifically, the gesatiecreases occur in the midbrain
and left anterior cingulated and inferior collicsllPET assessment of regional blood
flow has shown similar changes in the medial thalsand midbraii® EEG

variables correlate approximately with the chamgmeétabolic activity*?

The EEG, detected by scalp surface electrodes,uresathe electrical activity of the
outer layer of cerebral cortex. The recordableagare likely to be due to post-
synaptic potentials related to groups of axonsthade last between 50 and 200
milliseconds. Axon action potentials produce smmdtleal current changes lasting
less than 10 milliseconds and are unlikely to leated. The EEG is a complex
waveform of seemingly random nature. Its amplitisdeariable but is usually less
than 100 pV with visible oscillations between 1 &0dHz. EMG signals have a
higher frequency pattern but because their amgitsidhigh (up to 500 pV) they can
easily mask cortical signals. A true EEG recording patient who moves is

consequently difficult to achieve.
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The source of the EEG oscillations has been shaweats to originate from both
cortex and thalamu$® The EEG during sleep has slow waves that beccater]
more rapid and “desynchronize” during awakeningcElcal stimulation of the
midbrain reticular formation changes the EEG frdeep to wake patterrt§’ This is
seen both at the cortex and the midbrain in thelvadving that the rhythms are
synchronised. Moreover a “gamma” faster rate ofi@bkz is provoked and
maintained after midbrain stimulation and may lmharacteristic of “awake”
coordinated EEG signalling between specific reg@amd nuclei. Power within high
frequency gamma EEG rhythms provide the best bamepdiscriminator of change
of consciousness in humans (adults) related tostimesia°® Gamma can arise in
both cortex and thalamus independently. Thalantralsmminar nuclei receive input
from many sources and activate the cort€kDuring awakening the thalamic and
cortex gamma oscillations become synchronisedkiniinthe activity of the

intralaminar nuclei and the corté%.

Within the thalamus there is a biphasic rhythmygddrpolarisation for approximately
10 milliseconds followed by depolarizatidf? As anaesthesia takes effect the phase
of hyperpolarisation becomes longer. At medium atiestic doses the transition rate
is approximately 1 Hz and this is manifest by tightamplitude low frequency
cortical EEG. Higher doses cause longer periods/pérpolarisation represented by

burst suppressian

There is interplay between cortex and thalamus.cbnex stimulates the thalamus
and the anaesthetic effects on the thalamus atskabd by removal of the cortéX*
Yet ablation of the thalamus does not annul the BEtRe cortex:*? Recordings

from both scalp and thalamic electrodes (implaméal patients having deep brain
stimulation for chronic pain syndromes) show tl&t ¢ortical EEG changes promptly
with awakening yet thalamic EEG changes take apprabely 10 minutes longét?
Conversely, during dreaming the cortical EEG shtags rhythms while the thalamus
maintains its slow oscillation characteristic afegb.

A plausible theory of the mechanism of anaesthisdizat key thalamic structures,
responsible for excitation, become inhibited (bpénpolarisation) and block

thalamocortical neural transmissidnt***The thalamic and midbrain nuclei have
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both general and specialised functions and itap@sed that consciousness is
maintained by the integration of these systems comicating with the corteX If
communicating systems are inhibited by differerdemthesia drugs and doses this
may account for the gradual loss of function seesedation rather than anaesthesia.
That loss of consciousness is often sudden mayplaieed by a non-linear change

in function*®

2.2.1.1 Unprocessed EEG

The EEG is not equal over the whole cortex ancetigean international system of
electrode position$:® Parietal, central and frontal positions are meseasible and
the recommended channels for EEG monitoring ofpsieseed in polysomnography

are 2 frontal and 2 central channgig!*®

The unprocessed EEG has been considered to bernguex to use during
anaesthesia because of technical difficulties efiéictrode placement and electrical
interference, and the changes may be too quickpceaiate and interpret in a clinical
scenarid™> Nevertheless, the raw EEG signal should be uramisbefore

interpreting the result of any processing methdte EEG can have 3 componeffts:

a continuous waveform, transients, and period$eatécal silence. Electrical silence
is observed during deep levels of anaesthesiadam@) and transients are associated
with natural sleep. In anaesthesia, it is the cotus waveform that has been studied
to help determine the level of consciousness (L&he following is a description

of the EEG first in natural sleep and then in atfeesa both in adults and infants.

2.2.1.1.1 Natural sleep in adults

EEG oscillations can be counted over a few sectmds/e an estimate of their
frequency. In the relaxed awake staligha oscillations (between 8 and 13 Hz) are
common and during the alert state these disapmebthe EEG becomes low
amplitude and disorganized with frequencies betvdeand 50Hz. By convention,
frequency bands have been categorizegeasma(> 30 Hz),beta(14-30 Hz) alpha
(8-13 Hz) theta(4-7) and delta(< 4 Hz)'*°

EEG studies of sleep are usually performed in gpslaboratory and involve the

application of multiple electrodes to the scalp &aw to achieve not only EEG but
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also electrooculographic (EOG) and EMG signals. ddrabination of these three
signals were used to describe the classical stggsep in 1968* and are similar to

those used for infants older than 6 montig.hese are summarised in Table 2-2.

Sleep in adults has a temporal organization in wthere are alternating periods of
slow wave (SWS) and rapid eye movement sleep (REM}? Normal sleep begins
with SWS and then changes to REM when SWS has beestablished. SWS has 4
stages. Stage 1 is the first stage of sleepineshich alpha oscillations slow and
become less regular and eventually disappear. fipditade of the background
pattern decreases. The appearance of well forraadiénts called sleep spindles
characterizes stage 2; these are prominent andamawscillation of 12-14Hz. Beta
and theta activity becomes more obvious. Otheistesuts appear: vertex sharp waves
(V-waves) are sharp, spiky, last < 70 millisecorads] appear in central channels; K-
complexes are high amplitude, bi or tri phasic spmtentials lasting > 70 ms that can
be detected in frontal and central channels. Ipest& and 4 theta waves become the
dominant pattern and their amplitude increaseRHM sleep there are movements of
the eyes that are detected by large voltage shifte nearest frontal channels. The
background oscillation in all channels is low armyale gamma activity that mimics

the pattern of an alert state.
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Table 2-2: EEG during wakefulness and sleep aftenfiths of age

Dominant EEG oscillations

State _ EOG EMG
(amplitude)

Alert 30-50 Hz (low amplitude) Blinking high

wakefulness

Relaxed 8-13 Hz Blinking reduced

wakefulness

Non-REM 2-3s of 4-8 Hz and sharp .
slow rolling eye movements, reduced

Sleep stage 1 waves over vertex

sleep spindles appear 1-3/mif
Non-REM up to 20% of epoch high minimal
Sleep stage 2 amplitude delta waves

k complexes appear
Non-REM 20-50% of epoch delta waves no movement minimal
Sleep stage 3
Non-REM >50% of epoch delta waves no movement minimal
Sleep stage 4

_ 2 states:

irregular 30-50 Hz (low . di

amplitude) - tonic REM (absent eye Sporadic

bursts

REM sleep

sharp waves replaced by saw
tooth waves at 2-5 Hz

movements)

- phasic REM (eye
movements present)

An epoch is usually 30 or 60 seconds. Adapted frtamdbook of Sleep Medicine by

Shneerson??
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2.2.1.1.2 Natural sleep in infants

Infants younger than 6 months have a sleep pdttesnwell defined than in adults.
Instead of SWS and REM stages, sleep is separateduiet (QS) and active sleep
(AS).*%In their circadian sleep rhythm infants tend &egl more, at different times
and with frequent nap$? The ultradian rhythm is also different. Newboresgjin
sleep with AS, have more AS than QS, and also sh&$ and QS cycle length®
Naps gradually lengthen into organized sleep psriBg approximately 3 months of

age sleep begins with QS.

Non-REM and REM sleep develop gradually from 3 rhenif age from QS and AS
respectivelyOnly after 6m of age can non-REM sleep be readibsdivided into 4
stages. Before 6m the EEG during QS/non-REM sle@psingle pattern of high
amplitude low frequency oscillation. Sleep spindigsich are characteristic of non-
rapid eye movement (non-REM) sleep, appear by «svekage but become
characteristic of non-REM sleep by the age of 3timairK complexes appear by 6

monthst?®

Zampi and colleagues have studied the EEG imméylilagfore arousal (a change in
heart rate or breathing pattern — rather than amiagg In neonates and infants they
found that there was desynchronisation and anasere amplitude in all frequencies
during QS/non-REM sleep, but no change during AS/Rike sleep'*® Compared
with neonates, infants had more rapid desynchrtois®’ Desynchronisation

however did not always lead to awakening.

Beyond infancy the EEG changes with age. In a B8 glebtheta oscillations are
established and by 6 years alpha oscillations @mnwonly seen but at a slower
frequency than in adults. By 7 or 8 years the afpbguency has increased to 10
Hz.**° The dominant posterior oscillation is an oscitlatrecognized in parietal and
posterior channels during relaxed wakefulness toldanges with agé® 3.5-4.5 Hz
in 75% infants who are 4 months old, 5-6 Hz in tofants by 6 months, 8 Hz in
most children by 3 years, 9 Hz in 9-year-olds, 46dHz by 15 years.
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2.2.1.1.3 Natural sleep in foetuses and preterm infants

Non-invasive EEG recording of a foetus is possitthns-abdominally, from
approximately 12 weeks gestation and there is ooatis low amplitude irregular
activity unrelated to body movemelit:***Different patterns appear at 24 weeks but
sleep or waking states cannot be distinguishedEs$ Entil the foetus is about 32
weeks old. At 28 weeks fast waves appear superiatpos slow waves in temporal
and occipital areas. From 24-27 weeksttheé discontinipattern appears; this is a
pattern of bursts of high amplitude slow wavesites2-6 seconds mainly over the
occipital cortex followed by depressed activitytiag 4-8 seconds, and it becomes
associated with quiet sleep between 32 and 36 wgekation. After 36 weeks (either
before of after birthyracé discontinus replaced by &acé alternantpattern which
consists of 3 to 8 second bursts of high-amplitsldes frequency activity interspersed
with low-amplitude mixed frequency oscillatiori¥acé alternantlisappears by 2
months of age. REM-like EEG activity can be detédtem 28 weeks gestation
onwards by bursts of low amplitude high frequensgiltations that become more

continuous and associated with eye movements hye&Ks.

There may be an effect of preterm birth. By coniemtthe developmental age of an
infant who was born preterm is called the post-rtreatage (PMA = gestation at
birth + age after birth}** In studies comparing preterm and term infantscpfal

PMA, term infants had higher amplitude EEG espécialfrequencies less than 8
HZ.135;136

2.2.1.1.4 Anaesthesia

The type of anaesthesia affects the EEG differdrdlyever the changes during
propofol?#13" sevofluran&® and isofluran€® anaesthesia are broadly similar.

Initially there is low amplitude desynchronisatiand disappearance of any prominent
oscillations. As anaesthesia is established atiatgmn in the range of 8-20Hz

appears that increases in amplitude. In the pasiis known as a Widespread
Anterior Rapid (WAR) pattern and considered to kespnt at sub-MAC levels of

anaesthesia — that is, concentrations less thanetpaired to prevent movement to
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surgery. As anaesthesia deepens slow waves becomapnt. At deeper levels
burst suppressioreplaces other patteri{¥. Burst suppression is an alternating
pattern of high amplitude bursts followed by ndactical silence every few
seconds. Deepest levels of anaesthesia resuldtriell silence. These
characteristics are reversed as the anaesthesiaddsffect decrease. Surgical

stimulation causes a degree of reversal of the<e éftanges.

The characteristics of raw EEG in neonates andhiafduring anaesthesia have not
been described in detail. In 1986 James and calé=agoted that the EEG of some
children (not infants) having isoflurane anaesthési cardiac surgery had episodic
oscillations within the alpha rang#-In 1990 Kitahara and colleagues found that
infants less than 6 months old had dominant slowewaluring halothane anaesthesia
that did not change with depth of anaesth&¥ia.

In 2008 Davidson and colleagues recorded EEG frdants and children during
anaesthesia and emergence but, rather than conomeatv EEG changes they
calculated power changes within the frequency r&:g8é Hz** They noted also
that some of their youngest infants had a discaontis EEG pattern throughout

emergence similar to the tracé alternant pattematiral sleep.

In 1999 Constant and colleagues studied the chandge&lSG during induction of
anaesthesia in children aged 2 to 12 years; theyaced sevoflurane and
halothané** Both agents caused similar changes to the EE@r Aftluction
oscillations in the 14-30 Hz range were commonaaitih sevoflurane caused
oscillations that were “spiky”. As anaesthesia pesged there was a gradual increase
in the presence and amplitude of delta oscillatidihere have been case reports of
seizure and EEG seizure-like activity associateti sevoflurané®® but none were

reported in the aforementioned studies.

2.2.1.2 Processed EEG - power spectrum

Any complex waveform can be considered to be atoactsof many sinusoidal waves
of varying frequency, amplitude and phase. The BE@Bal can be deconstructed into
constituent frequencies either by a system ofr§ilag source or after digitisation and

subsequent processing by various methods incluelisg Fourier Transformation
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(FFT). A power spectrum can then be generatedt@@dwer within selected

frequency bands can be calculated.

The first EEG monitors, in the 1980s, used filterexclude unwanted low and high
frequencies and then measure the amplitude oktinaining signal (known as
amplitude integration). They included the Cerebtaiction Monitor (CFM) which
measured the minimum and maximum amplitude of @\iequency bantf®**and

a modification of the CFM, the Cerebral Functionfalysing Monitor (CFAM),
which quantified the amplitude of frequency bafiiSince the development of
personal computers, digitisation and FFT have becatcessible so that digital
signals can be processed and descriptors calcuétéde. These descriptors include
the power within selected frequency bands, the ame(WF) and the spectral edge
(SEF) frequencies, and the total power. None adghariables predict movement to

surgical stimuli and so have not been sufficiemtijuable during anaesthesfd**°°

Figure 2-1: Common relationship of EEG band powsasdncentration of anaesthetic

EEG band power

v

1 Concentration of anaesthetic

The main problem with power derived variables &t they decrease initially and
then increase as anaesthesia deepens (see Figjuredt-example both MF and SEF
decrease as sevoflurane concentration increasekdsutith further increases of
sevoflurane concentration MF and SEF begin to aseE? Power within frequency

bands have a similar problem. Kuizenga and colleaghowed that sevoflurane has a
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similar biphasic effect on SEF and power in 2 frmry bands (2-5 and 11-20 H2S.
Nevertheless studies of power changes within frequéands have yielded

interesting results.

2.2.1.2.1 Power spectrum in anaesthetised adults

In adults the change in power within frequency lsanas been measured both during
induction of and awakening from anaesthesia. Ithallfollowing studies the EEG
was recorded from either frontal or central chasinBlring induction of propofol
anaesthesia Koskinen and colleagues found thataer between 12 and 28Hz
frequencies increased first and then decre&¥dliring awakening from isoflurane

in adults, Long and colleagues found that althaoivgine were obvious power changes
occurring both before and during return of conssimss no single variable was
predictive in all patients except for an abruptrdase in power in the 1-4Hz
frequency band®’ During awakening from either sevoflurane or prap@both
combined with remifentanil) Dressler and colleadfasalculated signal power in
frequency bands of 1Hz and showed that the predigitobability for detecting
awakening was highest for both a reduction in theqy in low frequencies (<15Hz)

and for an increase in power in high frequenci&6tiz).

2.2.1.2.2 Power spectrum in anaesthetised infants and chilare

In 1989 Sugiyama and colleagues found that EEG powsow frequencies in
infants was associated with arterial halothane eotration; of all the recording
channels this association was strongest for oetigitannels. They also showed that

the youngest infants had power in only the slowreies:>®

With sevoflurane Constant and colleagues anaeséukethildren older than 2 years
and found that induction was associated with arease in the power of low

frequencies*

Two recent studies have presented EEG data fraantsifecovering from
sevoflurane anaesthesia. In 2008 Davidson andagplks recorded forehead and
parietal EEG in 3 age groups: infants less tharofiths (n=17), toddlers 6months to
2 years old (n=19), and children 2 to 10 years(oe21)**3 This was a descriptive
study and the type of anaesthesia drug and technigiied (some children had
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sevoflurane others had isoflurane, some had opiaitt$ some were breathing
spontaneously). They found that forehead powerhigiger than parietal and that
power within 2—20 Hz range decreased during emergamall age groups except in
infants less than 6 months old. The EEG power aszd with age.

Lo and colleagues studied multi-channel EEG reogrdif infants and children (age
range 22 days to 3.7 years) recovering from anassthy either sevoflurane or
isoflurane aloné>® Surgery was mainly inguinal or genital and andless

provided by local anaesthesia. Anaesthesia wastanagd at 1.4 MAC (age adjusted)
which, for sevoflurane, is approximately 4% foranfs. All patients were intubated
and their ventilation was controlled. It is notariérom their methods whether
children were undisturbed before extubation ancttheria for extubation and
emergence are not described. Children also receaxestsal of muscle relaxation
with neostigmine and glycopyrrolate. Extubationwtced at less than 0.5 MAC
(approximately 1.2% sevoflurane for infants). Theynd that power in frontal
channels was always greater than that in occiaitdlthe power within alpha and beta
frequency ranges increased when sevoflurane caatients decreased before

extubation. Any relationship between age and pavas not examined.

The ratio between the powers of various frequeraydb may be useful. In a pilot
study of 10 children (youngest age 5m) recovermogfpropofol anaesthesia the ratio
of high frequency to low frequency band power tehtdebe proportional to sedation
scores and plasma propofol concentrations. The weds lowest just before

awakening'®°

In summary (Figure 2-2), these studies suggestig@tates and infants less than 6
months old tend to have low power EEG signals duaimaesthesia. Older infants
seem to have changes similar to those seen insatduthat power in frequencies in
the alpha and beta range are present during mamterdoses of both sevoflurane
and isoflurane. However, as anaesthetic vapouaghed-out the power decreases or
increases depending on the study. The differengeratate to the dose of sevoflurane
and the presence of opioids; Davidson’s infantsdyadids and had less sevoflurane
or isoflurane during steady state anaesthesiaightdioses of anaesthesia, as in Lo’s

study, the EEG may be suppressed and thereforsaasthesia washes-out EEG
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power increases. If the steady state anaesthesgisltow, made possible by the
analgesic effect (and possibly sedative effecgrobpioid, an infant may remain still
and comfortable at much lighter levels of anaesthiissn otherwise. In these
circumstances, just before awakening, the deciedSEG power will be apparent.
Neither Davidson’s nor Lo’s studies conclusivelyrastrate a clear temporal
relationship of EEG power in relation to anaesthelsise. Further work is indicated to
demonstrate what happens to the EEG during spe@he controlled conditions of

recovery. Neither study defined criteria for awaken

Figure 2-2: Summary of published EEG charactesddiaring anaesthesia washout

Infants > 6m old have changes similar to adfiits
Frontal channels have highest potf&t>®

Power in 8-30 H2'*? or | 143

HF/LF power ratio] **°

2.2.1.3 Processed EEG - BIS

In the last decade several EEG monitors have beesiaped. The “BIS”, “Entropy”
and the “Narcotrend” monitors are 3 examples ahthade use forehead electrodes
and process the EEG with a combination of algorithonobtain a score from 0 to 100
representing the extremes of coma and alert stBbesmathematical derivation of
their scores is different but all three use the gowv various frequency bands. The
BIS (Bispectral index) also measures phase syn&aton between common
frequencies®*® Entropy measures the predictability (or the sifdesmaturé®) of

2 wide EEG frequency bands; 0.8-30 Hz for “statieay” and 0.8-47 Hz for
“response entropy”; the latter incorporates thetats EMG*°® The Narcotrend

algorithm has not been publish¥4d.
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These monitors have been called “black boxes” mx#heir algorithms are either
complex and not readily understood, or unpublisinal.ertheless the algorithms

have been developed to produce scores that dessitdeoth decreasing conscious
level (as defined by a validated scale of behaytatit®®and also with increasing
doses of propofol and concentrations of commonlatimal agent$>%>%1%°The

BIS, for example, has been designed so that a betweeen 40-60 is compatible with
absence of explicit recall. On the assumption tifiatis true, BIS has been used to aid

the reduction of doses of anaesthetics and allove mapid recovery’**"*

BIS and Entropy scores have been developed to msattdtion and light anaesthesia
and may therefore predict awakening from painléssusi. *°° However they are poor
predictors of movement during surgery possibly heegain either activates spinal
reflexes that mimic awakening or because pain cange awakening by activation of
both spinal and cortical systems. Consequentlydleeof BIS and similar monitors is

uncertain and they are not widely used.

There is evidence showing that BIS-directed anassdlcan reduce the incidence of
explicit recall. In a study of adults who were iakrof awareness Myles and
colleagues randomised patients to receive eitheesthesia directed by BIS or
anaesthesia controlled only by clinical judgmens Beduced explicit recall from 11
in 1238 patients to 2 in 12281n a similar study by Avidan and colleagues, pase
were randomised to receive either BIS-directed sthasia or anaesthesia in which
end-tidal anaesthesia vapour concentration wastaiaéu greater than 0.7 MAE?

In each group of almost 1000 patients, 2 had eixpécall, and it may be concluded
that either BIS-directed or MAC-directed anaesthese equally effectivé’

There is however a distinction between expliciateand awareness and Russell has
demonstrated that when the BIS (or the Narcotrem)itor is tested with the isolated
forearm technique, neither monitor is able to dmish between patients who can
communicate and those who cantdt:”°Russell tested various anaesthesia drugs
and altered their doses so that patients could aonwate by their isolated forearm.
Although all the patients communicated with him @e@ould recall it later. An
important detail is that he made sure his patiemt® pain free by using both

extradural analgesia and intravenous remifentafuksions. In summary BIS helps to
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reduce explicit recall but not true intraoperateareness in patients who are pain
free. There are no studies demonstrating the effethe EEG of awareness during

painful surgery.

There are other circumstances when processed EE@iséead. Changes in
processed EEG scores may not be specific to thiealoeffects of anaesthetic drugs.
BIS changes during epileptiform actiVif§ decreases due to the effects of muscle
relaxants without anaestheiaand can also change with glucose metabotférim
addition ketamin€® and nitrous oxidg® do not depress the EEG or the BIS in

proportion to their conscious level effects.

A major consideration is that an anaesthesia danghave an immobilising effect at
the spinal cord in addition to cortical effetor example in a study, comparing the
effects of equi-MAC doses of halothane and sevafiar the BIS scores were higher
during halothan®® and this may be due to halothane having a greatepbilizing
action at the spinal cord than sevoflurane rathen thalothane having a different
effect on the EEG and BI$'*®3This means therefore that movement may not be
related to cortical function if the anaesthetic &airect immobilizing effect on the
spinal cord. Moreover where there is direct immiabtion, EEG, processed or
otherwise, may be more closely related to the prigme of explicit recall and

possibly more useful than formerly realised.

Although most studies of processed EEG monitonnghildren concern BIS several
investigated other monitors. One study found thatchitrend has a high prediction
probability of recovery in children older than'#$and 3 studies showed that Entropy
is similar to BIS in monitoring conscious leveldhildren older than one
year®01818The following is a brief review of BIS monitorirg sevoflurane

anaesthesia.

2.2.1.3.1 BIS and sevoflurane in infants

The BIS and Entropy scores in children are simdahose in adults at equal sedation
levels but several studies report that BIS scoresess reliable in infants and small
children®8>1%\When infants and children are given MAC-equivalemmcentrations

of sevoflurane BIS levels are slightly higher ifeints*®° In a study of 3 end-tidal
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concentrations of sevoflurane in children over 8d) the highest BIS values tended
to be in the youngest infants and BIS increaseddmically when sevoflurane was
increased from 3 to 4982 These findings may be explained by an immobilizing
action of sevoflurane related to age; the paraddbxise of BIS is unexplained, but

could be similar to the biphasic change of EEG paageanaesthesia dose increases.

In a study comparing 3-6 month-old with 7-12 moatti-infants, given equal
concentrations of sevoflurane, BIS scores were fiégwthe younger infantS” This
may suggest a special feature of infants aged &thms or it may simply indicate

that the BIS algorithm is not applicable to younfants.

BIS correlates with sedation score poorly in ingfitin children'*® Infants who have
a caudal local anaesthetic block need only low entrations of sevoflurane to keep
BIS low.!*® Davidson measured BIS and Entropy in children mgziardiac
angiography and found that widest variation of esawas in infants and awakening
occurred at lowest scores in the youngest patf&nts.a study in infants and older
children recovering after circumcision (all childread had and effective penile
block) sevoflurane was reduced in steps and patigate presented with a uniform
auditory stimulus (calling the child’s name). Oftiwe infants awoke spontaneously

demonstrating the difficulty of presenting a rel@btimulus to infant&>

Wodey and colleagues have submitted paediatria®i8rdings to complex statistical
comparisons and have found that phase synchromizhétween EEG frequencies is

dependant upon ag&:*%

2.2.1.3.2 Other BIS studies in infants

BIS scores follow isoflurane anaesthesia in childvleler than 1 year similarly to
adults*®® In a study of 60 children receiving anaesthesta wiopofol and
remifentanil EEG variables were similarly predietiof awakening in children older

than 1 year but were least reliable in infaifs.

2.2.1.4 Processed EEG - Auditory evoked potential

The auditory evoked potential (AEP) is an EEG digmavoked by a noise stimulus

(a click) and detected from scalp electrodes. ¢aigsed by neural transmission
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through the brainstem, the midbrain and the coBaxkground EEG is removed by
averaging the recordings after many clicks. A tgprecording may use 1024 clicks
at 6 Hz and take 2-3 minutes to achieve. The r@suREP waveform is an average of
the recording after each click. The waveform Heeracteristic peaks and troughs
that are temporally related to brainstem, earlyicalrand late cortical
transmissiort?®!%° The late cortical component disappears with loses of
anaesthetic and the brainstem is resistant to tHres#gs. The shape of the early
cortical waveform however is suppressed by anasisthgeaks in the waveform are
delayed in a dose-dependant mari&f>The Alaris AEPTM monitor uses
headphones and frontal EEG electrodes and canagsttite shape of the AEP within
2-6 seconds by a technique called autoregressideling?®* From this estimation a
mathematical algorithm calculates an index ran@jiog O to 100 representing deep

coma and fully alert state respectively.

The main problem with this method is with non-EE@iference. EMG, in
particular, caused by contraction of the postaimicular muscle, is triggered by
noise and therefore the AEP is least reliable whaacle relaxants are not usetA
study of children over the age of 2 years found &t&P was as reliable as in

adults®®> ECG interference is a problem in infafts.
2.2.2 Monitors of cerebral blood flow and metabolism

EEG derived variables have been found to correl@ttechanges in cerebral blood
flow?** and metabolism’ Near-infrared spectroscopy (NIRS) measures oxygen
saturation of tissue and involves a non-invasivesgeplaced on the head. It relies on
the principles of light transmission and absorptmaetermine regional cerebral
oxygenatiorf™ Its ability to discriminate increased blood flomdsby inference,
cerebral activity and conscious level has not lested during recovery from

anaesthesia.
2.2.3 Monitors of autonomic activity

In natural sleep the effect of the parasympathetigous system predominates over

the sympathetic and this balance is reversed éssful situations.
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2.2.3.1 Processed electrocardiography - HRV

Heart rate variability (HRV) is the beat-to-beatigtion in heart rate and requires
accurate measurement of the timing of R waves da@@ trace. An increase in heart
rate is not a specific feature of awakening orsstiteut the variability in heart rate is
changed by autonomic tone. HRV therefore may b&ilias an indirect and surrogate

monitor of conscious levéP®2%

The sequence of RR intervals can be analysed lplesistatistics such as the mean
and range (or standard deviation (SD)) of heaet oaer a period of tim&?*but a
more sophisticated method involves interpolatirgplot of RR intervals to derive a
waveform that can be further processed to achigy@aaeer spectrum of constituent
frequencie$!®*! Two frequencies are prominent in normal RR sege®rithe high
frequency (HF, 0.15-0.4 Hz) component is associatéiivagal parasympathetic
tone and is synchronous with pulmonary ventilatibime low frequency (LF, 0.05-
0.15 Hz) component may be related to sympathetie.tBstimation of power within
these frequency bands is feasible with an perid@Dadeconds which allows a
frequency resolution of 0.05 Hz and this is suéfitiprovided lower frequencies than
LF are not studied° Power spectrum analysis of HRV could thereforeifed to

generate a score over the previous 20 seconds GfrE€rding.

Precise measurement of the RR interval is cruo@HRV analysis and, if there is
interference, it may be difficult to be certaintbé fiducial point of an R wave.
Automatic detection may detect false R waves osinige ones and, mainly for this
reason, real time HRV analysis may not be relidblénfants, the difference between
successive RR intervals may be less than 5 THsand therefore a sampling
frequency of at least 200Hz is necessary to deterhie time of the fiducial point
with sufficient precision. Even then, the RR int@ris only an estimate of the true RR
interval because the shape of the R wave may chémgealth, HF and LF peaks are
prominent. In stress, both peaks are reduced appear’° In natural sleep the HF
increases and LF decreases whereas in anaesthésigelaks are reducétf.

A research LOC monitor, called the Fathom, caleddhe respiratory influence upon

HRV.?*3 The process involves the detection of the phdagiarship of R waves to a
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fixed point in the respiratory cycle. Vagal tongreportional to the clustering of

phases and a score can be calculated from datappesximately 10 breaths.

In adults power spectrum analysis studies of thecebf sevoflurane have found
conflicting results; one study found no change RV and another found that LF
power reduced® In children older than 5 years Constant and cgliea found that
HRYV is minimal during anaesthesia and is mainlyseglby the mechanical effect of
breathing. However during recovery, HRV power ias@s in both HF and LF bands;
the LF band increased by a factor of up to 40niotlaer group of children, between
21 months and 8 years old, Wodey and colleaguesdfeimilar results during
withdrawal of sevoflurane anaestheSiain addition they found that the youngest
children had the lowest baseline HF power andehstichange in heart rate during
sevoflurane washout. Figure 2-3 summarises the Elfiges known to take place
during withdrawal of sevoflurane anaesthesia itdcén. HRV has not been studied
in infants during recovery from anaesthesia. Noiveadata from 30 infants less than
12 hours old in natural sleep has been publishebidyye and colleagues’ They
found that during QS, there is a prominent powehenHF band in 80% of babies
that corresponds to the respiratory frequency,thatthis disappeared during AS.

Figure 2-3: Pictorial summary of published evideaté&lRV in children during

sevoflurane washout

RR interval

»

Time and | end-tidal sevoflurane concentration

During sevoflurane washout
1 LF and HF power

1 LF/HF ratio
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2.2.3.2 Other autonomic variables

Electromyography (EMG) is the measurement of tieetatal activity generated by
muscle. For skeletal muscles, activity is dependgon both conscious and reflex
control. The EMG has be used to detect awakenomg finaesthesia but its changes
are sudden and give little warning of impendingimetof consciouisne$s®?*°The
forehead muscles are unusual because they havweg@mmic component and an
increase in EMG occurs even in the presence of imustaxant$?° A ratio of the
lower and upper facial EMG may be associated watihfpl or other stress related

phenomenéd*

Oesophageal motility is also under autonomic cdmtnd contractions are depressed
during anaesthesia. It has not been found to beally useful in adult§?

Blood pressure variability has been measured wsitmntinuous non-invasive

monitor and the power spectrum that is similaihtat bf HRVZ'%2%°

Pulse transit time (PTT) is the latency betweenB8& and the corresponding pulse
waveform. It is reduced during sympathetic arobs#lis also affected by other
cardiovascular factor$®

Electrical conductance of skin decreases with swgatiused by sympathetic
arousal. With the pain of heel prick, for examglenductance increases in term

neonates but not in those less than 36 weeks Md\B**
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2.3 Defining behaviour of arousal and awakening

The terms arousal and awakening are common andntieainings are easily

confused. Most authors have used arousal witheeéerto body systems (e.g. arousal
of the autonomic nervous system) and thereforesatauay not be related to
conscious level. Nevertheless, cortical arousatatdd by changes in the EEG may
be related to conscious level. Awakening inferstaéss arising from a sleep state
and is usually used in reference to conscious |&ahe authors have used arousal
instead of awakening especially when they have tmegkdandrousability

(probably, both of these refer to awakening). When¢he author has usadousal,

and it is obvious that they intended to describ@scmus levelawakeninghas been

used instead.

There are no agreed definitions or criteria of ctmss level in anaesthetised infants.
This section summarises first the problems of dgyiaeh an observational tool and
then reviews the observable behaviour and stinsdldun other scenarios and

considers whether these are applicable to anaésthes
2.3.1 Observational scales — general aspects

Behaviour, either unstimulated or caused by stitrarlamay be brief or sustained,
partial or full. It may be possible to arrange #agious types of responses into a
hierarchical scale so that a graded responsettmalgs can be described in a scale.
A scale however has problems of validity and rdliigtand it is simpler to define a
single response that does or does not occur. Sual @ noneresponse has been
used in Minimal Alveolar Concentration (MAC) stusli® determine the effective

dose of anaesthesia.

2.3.1.1 Validity and reliability

Validity, in terms of the range of descriptors e tscale, can be determined by
agreement amongst expetts. Further supporting evidence of validity may tten

sought by comparison with similar scales (critenvafidity) and by testing the scale
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against a hypothesis (construct validity). Relipik the ratio of the inter-subject
variation to the sum of the inter-subject variateord measurement error; a perfect
scale has a reliability of 1. Allied to this measare the within-observer (scores
achieved at different times) and inter-observaabdity.

Two schools of thought have led to 2 types of sdaétailed scaling tools with many
items for assessment are developed to measureibehavto differentiate between
behaviours. In principle the more items within Hoale, the greater the accuracy of
the measurement and the greater the potentiaifferehtiating behaviours. If they
are too detailed however they may be difficult pplst quickly in rapidly changing
situations. Furthermore, complicated scales arg&elylto be reliable unless
observers are well-trained. An alternative appraagragmatic and limits the
number of items. This is appropriate to situationghich the purpose of the scale is
to make a decision rather than to make a measutef@nexample a limited number
of items could be used to construct a tool thatdtiagcally relevant binary outcome.
A binary outcome forms the simplest of scdfés'°yet even these may not be
reliable between observers.

Only one sedation scale was developed for and és \alidated in childréff
(similar to a scale used in add@ff§ but it was not intended for infants. Several ssal
have been developed to describe conscious lewedants but not in the context of
anaesthesia. Their validity is therefore in doubt.

2.3.1.2 Problem of provocation

Arousal from sleep may be spontaneous but if hetet needs to be provocation
stimulus. Cutaneous stimulation with pain, touct samperature are potentially
useful but these directly stimulate spinal refleti\aty. Moreover there are ethical
constraints in research using painful stimuli. Aagnobstruction, hypoxia and
hypercapnia are relevant stimuli to anaesthesiaduge arousal secondary to
complex respiratory reflexes. In the context ofemthesia, airway and breathing
reflexes may be sufficiently suppressed so thah#al intubation is required to
maintain safe oxygenation. If so, the tracheal ftgedf could be a painful stimulus
especially when it is moved within the trachea. s&mjuently if the patient is
immobile the tracheal tube may not be stimulatinggdnce it is moved the patient
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may be stimulated and awaken rapidly. The followimgthods of provocation have

been published.

Temperature has been tested by using a cold mstabd the abdomen of sleeping
infants for 5 seconds but there was considerabiatian between subjecté’ Horne
and colleagues used a jet of air (3 Hz for 5 sespdilected into a nostril and this
stimulates by irritatioi*° An arousal threshold can be identified and isrdefias the
mean jet pressure betwearusalresponse ando arousalresponses. The test is
reproducible enough to determine a difference ausal thresholds between sleep
states. An auditory stimulus is potentially uséfatause loudness can be measured
and increased until the infant respoftd/Vithin safety limits, sound is harmless and
not distressing. Furthermore, auditory processmgsdot directly involve the spinal
cord. Hearing sensitivity may vary both between aattin individuals. Chang and
colleagues showed that a mixed frequency noiseawabable provocation of
autonomic arousal in young infants sleeping nalyraf Potentially important factors
other than loudness, include pitch and the probleinhearing deficit, tolerance and
habituatior?®? If habituation is caused by learning, sedation amakesthesia drugs
may prevent it and allow noise responses to bedemible. Alternatively anaesthesia

may affect the “hearing” process.

2.3.2 Observable behaviour and stimuli applicable to infats

2.3.2.1 Natural sleep

2.3.2.1.1 Sleep studies

In 1971 Anders and colleagues formed a committeedommend a common
description of natural sleep in normal full-termwirn infants They created a
manual that has been a standard for sleep resesbar since. An earlier committee
had standardized a description of sleep in atftiisit this needed modification for
developing infants. Observations from foetuses@eterm infants have also been
published Anders and colleagues decided against developstgrng system but

rather to “code” or describe states that could$®uo develop scoring systems in
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other situations. They defined 7 states based baveural and physiological
characteristics from polygraphic recordings (seel@ 2-3). A time epoch of 20-30
seconds was recommended to code the “state” whashtle dominant behaviour in
that time. The primary criterion to define sleegustained eye closure (transient eye
openings in one epoch per minute may be ignoredra#pg on other observations).
Three secondary behaviour observations are fascthbady movements, and
vocalization. The number, combination and weightthgoded observations can be
varied and consequently researchers need traininging the codes. Stages of sleep

have been described also for infants older thamsths?>>*

2.3.2.1.2 Foetal maturation

Obvious spontaneous foetal movements begin attatgesl age of 10 weeks and
cycling of activity and rest periods can be detgdtem 28-32 weeks onwards. In
preterm neonates the differentiation between ASQ@8ds not possible until 28
weeks when sleep is mostly active (with eye movesand irregular respiration).
Quiet sleep does not become appreciable until appetely 36 weeks and eye
movements associated with REM pattern appear ar8umnaeeks . Four types of
respiratory activity have been described: reguteegular, periodic and apnoea.
Before 36 weeks periodic breathing and apnoeaarenon during sleep, and

breathing becomes more regular and stable 1&ter.
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Table 2-3: Summary of observable criteria usedetscdbe sleep, non-sleep and other

states in normal full term newborn infants.

General | Specific Face Body Vocalization | Respiration
state State
Sleep Active Smiles Moves small | Brief grunts, | Irregular
(eyes grimaces, digits or limb | whimpers and
closed) frowns, bursts| interspersed | cries
of sucking with slow
body writhing
with sudden
jerks
Quiet Occasional None Quiet Regular
mouth
movements
Indeterminate | Mixed and Mixed Mixed Mixed
changing
Awake | Crying Flushed and | Vigorous and | Crying
(eyes grimacing diffuse
open)
Active Eyes moving | Gross No crying
Quiet In active, eyes Inactive Quiet
bright, can
follow slow
moving object
Other Sleep onset | Eyes glassy, | non-specific non-specific
and cannot follow
drowsiness slow moving
object

Summarised from descriptions published by Andetsaafleagues?® Regular

respiration is defined as varying less than 20es/pler minute
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2.3.2.1.3 Neurological examination of neonates

Two detailed monographs emphasise the importantteeddtate of sleep or
wakefulness when making a neurological examinafsazeltor?® in 1973,
developed a 6 point scale of wakefulness and Rr&€tim 1977, described a 5 point
scale. Brazelton’s scale was developed from ob#iensof term Caucasian infants
who had had “good” Apgar scores and who had nat e&posed to appreciable
doses of maternal sedation or analgesia (Table R-+as sufficiently detailed and
reliable enough to demonstrate differences in bielabetween oriental and
Caucasian infants and also between normal infartsreose whose mothers were

methadone addicts.

Table 2-4: Natural sleep or wakefulness states umsedonatal neurological testing.

Brazelton®® Precht|?*
Deep sleep, regular breathing, eyes - Eyes closed, regular
closed, no spontaneous activity respiration, no movements
Light sleep, eyes closed; rapid eye - Eyes closed, irregular
movements, irregular respirations respiration, small
Drowsy, eyes may be open or closed, movement
eyelids fluttering . Eyes open, no movements
Alert, with bright look; seems to focus . Eyes open, gross
attention on source of stimulation movements
Eyes open; considerable motor activity - Crying (vocalization)
with thrusting movements of limbs
Crying; characterized by intense crying . Other state — eg coma
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The Neurologic and Adaptive Capacity Score (NACS}¥wa tool developed in 1982,
to determine the effects of maternal dréifdt assesses 20 items and can be
completed in 60-90 seconds. Although it was oriljyrthought to have high inter-
rater reliability, subsequently, it has been dsgd for its unreliability?**%*°The
Neonatal Intensive Care Unit Network Neurobehaab@cale (NNNS) is a tool
designed for a detailed and comprehensive assessiE behaviours relating to
neurological assessment in young infafitst takes more than 30 minutes to perform

and observers require training.

2.3.2.1.4 Arousal from natural sleep

Infants who are at risk from sudden infant deatidsyme may be less able to
respond or arouse to asphyxia and other stimuindwgleep. An influential study by
McNamara and colleagues described spontaneousahamsia consistent hierarchical
pattern of changes in heart rate and respiratdignmefollowed by a generalized
startle response and finally a change in E&Gurthermore in provoked arousal, for
example by tickling a foot, a withdrawal reflex pesise of that limb precedes
autonomic, startle and EEG responses. These olisaivaay be explained by a
temporal activation of first the spinal reflex, thiéhe brain stem, followed by sub-

cortical and finally the cerebral cortex.

Other scales of arousal have been developed bgrodss attempting to demonstrate
a change in rousability relating to the risk of ded infant death syndrome (SIDS)
(see Table 2-5). In 1971 Schmidt and Biffisised the Behavioral Arousal Threshold
(BAT) 6-point scale to record the response to atilchulation of the skin. Because of
wide variation, they could not show any reprodugitdsponse. In 1990 Trinder and
colleagues adapted the BAT scale to create a 1i-poale. They were imprecise in

their description of the scale but found that isweliable between three observers.

In 1992, the American Sleep Disorders Associatemommended definitions of
arousal but did not consider infaifd Since then, an international committee has
published a statement of opinion specifically diam arousat!’ They considered
that arousal tends to follow a hierarchy in whicstimmulus causes spinal reflexes
first, followed by autonomic activation and culmiing in cortical (full) arousat*?
This classification is summarised in Table 2-6.@xamic arousal is defined as a
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change in 2 out of 4 variables (heart rate, bragtpattern, facial expression, EMG).

Cortical arousal has been defined by some invdstigi@as a change in the raw EEG

pattern to a high frequency and disorganized @siith for at least one secohid*?

Table 2-5 Behavioral Arousal Threshold Scales

Behavioral Arousal Threshold (BAT)
scalé®

Adapted BAT scafe’

1.

. One jerky movement or a minima|

No response, no change compared 0:

with pre-stimulus level

increase of general activity.

A partial or full startle or a
moderate increase in general

activity.

A full startle and some additional
evidence of awakening, or a large

increase of general activity.

Awakening and crying, but
returning to sleep within. 3

minutes.

Awakening and staying awake

over a 3-minute period

No response

1-3: One jerky movement or a

minimal increase in general activity

4-6: Partial startle or a moderate

increase in general activity

7-9: Full startle, a large increase in

general activity, or eyes open for les

than 15 s

10: Awakening, as defined by eyeg

open and/or crying for over 15 s

[72)
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Table 2-6: Classification of arousal

Summary of spinal, autonomic and cortical arousfindtions adapted from

International Paediatric Work Group on Arousafs.

Arousal Motor Autonomic Behaviour
type and EEG
Spinal Limb and None None
trunk
movements
Autonomic | None or as 2 of the following: None
above Heart rate: change in rate for 3
consecutive beats outside range of t
steady baseline*
Breathing pattern: either rate or
amplitude (can be a single breath**)
Facial expression: observed by direg
observation or on video later
Facial EMG: increase in amplitude o
over 20%
Cortical None or as None or as above Eyes opern
above EEG
obvious
change in
power and
frequency

*Baseline heart rate was considered “steady” predid was (a) within the range

100-160/min, (b) the 2 SD was less than 20/min(ahthere was no obvious trend.

**Baseline breathing pattern was steady if (a)ititer-breath interval was no more

than 1 sec, (b) the intervals varied by less tHe# and (c) amplitude varied by less

than 20%.
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2.3.2.2 Anaesthesia

The current recommended descriptions of depth aésthesia are those of the
American Society of Anesthesiologists and are suns@din Table 2-7. They are
helpful in infants provided the verbal stimulugeplaced with a suitable equivalent
however they are too broad and lack the detailssug to describe arousal or

awakening.

Table 2-7: Definitions of states within “ContinuwhDepth of Sedation”

Minimal sedation (anxiolysis)is a drug-induced state during which patientsoedp
normally to verbal commands. Ventilatory and caveszular functions are

unaffected.

[®)

Moderate sedation/analgesia (conscious sedatidPatients respond purposefully t
verbal commands, either alone or accompanied by agtile stimulation. No
interventions are required to maintain a patentayr and spontaneous ventilation is

adequate. Cardiovascular function is usually maeth

Deep sedation/analgesiRatients cannot be easily roused but respond pefpity
following repeated or painful stimulation. The dyito maintain ventilatory function
independently may be impaired. Patients may reggséstance in maintaining a
patent airway, and spontaneous ventilation mayaddaquate. Cardiovascular

function is usually maintained.

General anaesthesidatients are not rousable, even by painful stiranailhe
ability to independently maintain ventilatory fuimet is often impaired. Patients often
require assistance in maintaining a patent ainaag, positive pressure ventilation
may be required because of depressed spontaneatilati@n or drug-induced

depression of neuromuscular function. Cardiovasdulaction may be impaired

(Abbreviated definitions published by American $wgiof Anesthesiologist$®'
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2.3.2.2.1 During induction

During the pioneer years of anaesthesia, the stegesaesthesia during an induction
(without any surgical stimulation) were described aegarded as levels or depth.
Stages for eth&f?*°and chloroforrfi*’ were widely accepted but detailed
descriptions for other anaesthetic agents havee® published either because they
do not exist or that they are more difficult to ehs& because the transition from light
to deep levels of anaesthesia is too &80 definitions of depth have been

described specifically for infanf§:24°

2.3.2.2.2 During awakening

Observations during waking from anaesthesia mdgaigbain and other effects of
surgery and anaesthesia. Several scales have beelopgkd to assess readiness for
discharge from post anaesthesia recovery unitaksado assist carers to manage
return of adequate airway and breathing functiomkta relieve pain and other causes
of distres€>***?The Vancouver Sedative Recovery Scale concentratd®
neurological functions and their total score cargeafrom 0 (anaesthetised) to a
maximum of 22 (fully awake)) and has been usedsaito be reliable in children as
young as 6ni>° It takes approximately 4 minutes to complete @essment’
Consciousness is scored by the “response” funetnohis divided into 5 levels: (i)
awake/alert, (i) awake/drowsy, (iii) asleep/easitpused, (iv) asleep/difficult to
arouse and (v) asleep/unable to arouse.

%9;255

In 2 recent studié , testing LOC monitoring, the point of awakenings

defined as the onset of purposeful movement, plmmatr eye-opening within 30

seconds of a stimulus.
2.3.2.3 Sedation

2.3.2.3.1 Medical procedures

The Observer's Assessment of Alertness/Sedatiole OAS/S) was developed to
evaluate reversal of benzodiazepine sedation itigdtilt has been validated and is
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reliable. It has been used to develop and caliiretd31S and other monitors of
conscious level. Observations of responsiveneg®cép facial expression and eye
movements comprise the categories and the finaéss@ composite score. It is not
applicable to infants who do not respond to spe€hb.Simple Pediatric Analog
Sedation Score (PASS) is an analogue scale ofr@tdises face diagrams depicting
facial expression, eye closure, and response geraid ear rubbing® Its validity or

reliability is unknown.

The University of Michigan Sedation scale or UM3J&lgle 2-8) was developed in
1990 for assessing sedation in children and infemmtpainless imaging; it aimed to be

easier to use than any other scale but also mfiessponse to speeti.

Table 2-8: University of Michigan Sedation ScaléM8S)

Score | Definition

O Awake and alert.

1 Minimally sedated: tired/sleepy, appropriate res@oto verbal
conversation and/or sound

2 Moderately sedated: somnolent/sleeping, easilysawwith light
tactile stimulation or a simple verbal command

3 Deeply sedated: deep sleep, arousable only withfigignt physical
stimulation

4 Unrousable

2.3.2.3.2 Intensive care

Many intensive care scales exist and have beeawed by De Jonge et @l’ There

is some overlap with the consideration of comasedhtion but the scales have been
developed with the intention of relieving distressl trying to achieve a desired
conscious level or calmness. Marx developed a $oakhildren®*® that has
subsequently been improved to form the COMFORTesaadl this is widely used,
and considered to be valid and reliable for botarisive carg® and postoperative
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pain®® It has 8 items including heart rate, blood pressurd ventilatory
observations. The score ranges from 8 (coma) {@wéke and distressed), however
the relative value of each of the dimensions intigbuating to the overall score is not
known. Other scales have been developed but noreefhdblished validation and

reliability characteristics.

2.3.2.4 Coma

Several scales have been developed to identifyd@feoma for the purpose of
directing therapy and estimating prognosis, howewse have been generally
accepted worldwide. The GLASGOW COMA scale (GE%)yas developed to
assess head injured patients and has been adaptdldren who cannot spedi*%®
Other common scales for children include the Adief&f, Jacobi® and Blantyré®
scales, and also those described by authors S85Riaimondi*®® and Morray?®® For

children younger than 2 years old a scale of fagiahacing has been devis&d.

Most tools describe the response to a stimulusring of eye opening, motor and

verbal responses. Three scales have been develppeifically for infant$°®%°and
one for neonates which specifies the responseetautitory stimulus of a bell and
eye response to light' Reviewers of these scales have concluded thatobierver

variability was less in the simple than in the moegailed tool$/?%™

2.3.2.5 Pain

Scales of pain related behaviour may be applicabéay cause of distress and
therefore their properties could be applied toadesof arousal. Thirty five scales have
been extensively reviewed by Franck and Miasko%3kind include scales with
acronyms such as CRIES, LIDS, CHEOPS, TIPP, POBACE, MIPS, RIPS,

NAPI and COMFORT®. More continue to be developed including APH (aigu
nouveau-ne) and PIPP (premature infant pain g)5fif The scales have three

behavioural dimensions in common; facial expresdiaoly movement and crying.

2.3.2.5.1 Facial expression

The characteristics of facial expression have Iséadied by Prkachfd” and

Rushforth and Leverfé® They identified 2 common characteristics of movenus
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the brow (lowering or bulging) and eye closing §queezing). A coding system has
been developed by Grunau and Craig in 1990 cdlledNeonatal Facial Coding
System (NFCSJ!° Of all the behavioural dimensions of pain, uppeidl muscle
action was found to differentiate best between paek from sham even in very

preterm babie®

2.3.2.5.2 Body Movement

An Infant Body Coding System (IBCS) has been dgwatioby Craig et al in 1993 but
its use has not clarified any specific body movetsieglated to paifi*

2.3.2.5.3 Crying

Analysis of crying sounds has revealed that cryinigrm neonates immediately after
a painful procedure (circumcision for example) @renpersistent than crying due to
hungef®®. Crying in preterm infants tends to be shorteghkr pitched and not as loud
as in term babie®! However crying due to pain may be indistinguiskabdm

crying due distress from non-painful cau&®s.

2.4 Summary of background

In infants, there are no accepted markers of adegueaesthesia other than
movement and the assumption that a specified eladl¢oncentration of an inhaled
anaesthetic causes unconsciousness. There arédaiedtools or measures of
consciousness to assess the rapid transition framsthesia to wakefulness. The
EEG is different in infants compared to adults. rfEh&e no validated monitors of
conscious level for infants and there are monitdithe effect of anaesthesia on the
infant brain. There are few data on EEG and HR\fattaristics during anaesthesia
and awakening in infants. EEG and ECG monitorirggraan-invasive and if they
provide reliable and valid information on consci¢esel they may be useful in many

clinical scenarios
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3 Hypothesis and plan of investigation

THESIS THUMBNAIL

* Hypothesis ~ » | Ininfants, EEG and HRV
characteristics may predict
awakening from anaesthesia

3.1 Hypothesis

In infants, EEG and HRV characteristics may preawakening from anaesthesia.

3.2 Plan of investigation

In brief, this investigation is under 2 main heagin
* Development of a clinical model

* Investigation and characterisation of EEG and HR&nges
3.2.1 Development of a clinical model

3.2.1.1 Assessment of stimuli

How should anaesthetised infants be stimulated®spanse to a painful stimulus is
influenced by the intensity of the stimulus and effect of any analgesia. Using non
painful stimuli to test arousal, is ethically m@eceptable, commonly used in clinical

practice and may be more relevant if effective gesia can be assumed during
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anaesthesia. Noise may reliably cause arousal riaioral sleep (see section
2.3.2.1.4) but does it cause arousal from anagath€an a reliable model be
developed in which an infant is not too deeply attzetised to be able to respond to

noise or any other non-painful stimulus?

Arousal may or may not lead to full awakening.Here a state, between anaesthesia
(unresponsive) and wakefulness (fully responsineyhich the infant appears asleep
yet can be roused (arousal responses = movemeomnaaic or EEG changes) but
not fully awakened? In other words, is themaiddle groundetween anaesthesia and

wakefulness in infants? Can tlsisdatedstate be demonstrated reliably?

3.2.1.2 Determining which EEG channel to test

Processed EEG monitoring has been developed froondiag of frontal channels.
EMG interference may be greater in frontal chanaat$ other channels may be more

reliable, or may yield different and potentiallyefigl information.

3.2.1.3 Defining awakening by consensus

There are no accepted criteria of awakening froaesathesia in infants. The opinions
of paediatric anaesthetists may help to providal@a working definition of
awakening that would be relevant to the rapidlyngjirag scenario at the end of

surgery.

3.2.2 Characterisation of EEG and HRV changes

Monitoring direct brain function using EEG may sholmanges before and during
awakening. HRV may indicate changes in autonomieoes activity affecting the
cardiovascular system that may be a useful indimezisure of conscious level. Both
of these are non invasive and could be developedractical monitors in clinical
anaesthesia.

3.3 Practical constraints

There are obvious ethical constraints. In the atxseiclear benefit, the risks of
research overshadow any intervention such asradténe dose of anaesthesia.
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Consequently it may only be reasonable, at ledsllg, to investigate EEG and
HRYV at the end of surgery during the transitiomfreeemingly adequate anaesthesia

until awakening.

In clinical anaesthesia there are many variablesye3y causes a variable degree of
pain and arousal, and the methods of analgesidaii a variable effect on relieving
pain and may also affect conscious level. The &ofanaesthesia drugs used should
be appropriate to the surgery and consequentlyaily. Infants themselves may be
abnormal and have diseases and syndromes that thiégcresponse to anaesthesia.
Consent for research may be refused by anxioussaaed there are a limited
number of infants who present for surgery who dohawe an abnormal cerebral
status. The type of any additional stimulus hasat@cceptable to parents and
unlikely to cause appreciable distress to infants.
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4 Methods — general aspects and equipment

THESIS THUMBNAIL « Observational studies

» Polysomnography & video

* EEG signal processing PSD
General methods > | *ECGHRV

RR intervals

. -

4.1 Subjects

Unless stated otherwise all projects involved liils thesis were registered with the
Institute of Child Health and approved by the loethlical committee. Parents gave
written informed consent for studies of infantsidgranaesthesia. Infants were
defined as children aged less than 12 months alieiRs were included if they
required anaesthesia involving tracheal intubagiod excluded if they had any
cerebral, cardiac or respiratory disorder or wereiving any medication likely to
affect neurological function. All infants had nornb@havioural development and
hearing as judged by their parents. Post-mensageaPMA), body weight and

relevant clinical details were recorded.
4.2 Anaesthesia technique

Anaesthesia technique was not altered by theseestadd was chosen by individual
anaesthetists. In all cases induction was by itioal@f sevoflurane. Maintenance
was by either isoflurane or sevoflurane. Routin@meooing, which included pulse
oximetry, ECG, respiratory gas analysis and nomsinxe blood pressure, was applied
as soon as possible. Tracheal intubation was aethiafter muscle relaxation with

atracurium. Gases were administered via either plddan F (Jackson Rees
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modification of the T-piece) or circle breathingsggms. The inspired concentration of
anaesthetic was adjusted to maintain end-tidalemination considered compatible
with an adequate depth of anaesthesia accordidgioal judgment of the
anaesthetist administering the anaesthetic.

Analgesia varied according to the type of surgemwias usually achieved with local
anaesthesia using levobupivacaine either by skitration or regional nerve block.
Other potent analgesia included intravenous fetht@nmorphine. All infants
received intravenous fluids in volumes guided k®/¢hnical judgment of the
anaesthetist who assessed heart rate, blood peesmsaiiskin perfusion to ensure that
infants were not hypovolaemic or dehydrated. Ceneperature was recorded. Blood
glucose was not estimated. At the end of surgesfarb extubation, atracurium was
not reversed with neostigmine because more thamounehad passed since the last

dose; no anti-muscarinic drugs were used.

4.3 Study equipment

4.3.1 Electrodes

EEG signals were recorded from silver / silver didle cup electrodes placed on the
scalp. The skin was prepared with abrasive cleagéh@nd skin contact was
maintained with electrolyte paste. Electrodes vpargtioned according to
international recommendations (10-20 systéfhElectrodes and wires were held in
place with an elasticised bandage or paper adh&giee Electrode impedance was
kept below 5K2 whenever possible. Three ECG electrodes werehattiboy self-

adhesive gel and placed on the shoulders andhteftal aspect of the thorax.
4.3.2 Timing of events

Combined video and audio were used to record the tif events during awakening.
The accuracy of the timing of video recording afaypack was tested by recording
the passage of time visible on a clock face andlehg that this matched the video
time. The clock face time was checked againstithe bn a personal computer which

was assumed to be accurate. The synchronizatiBEG/ECG and video recordings
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were checked by videoing several event markerskdtamwere made either by a
push-button device or a brief manual interfererfca mon-essential recording

channel.

4.3.3 Polysomnography

The Alice Respironics® integrated sleep polysomaply system collects
synchronised video, audio, ECG, EEG, EMG and rafqiy inductance signals. Two
versions were used, Alice 4 and 5, to collect flatassessment of arousal to noise
and other stimuli (see section 5.1.3.6). Respis@isoftware allowed real time
viewing of all signals and could replay signalefaiAll signals were digitised
internally and could be exported as numerical g&rimto other software for further
analysis. Seven electrodes were applied (F3, FACZ3A1, A2 and a reference at
the middle of the forehead) to record signals frbohannels (F3A2, F4A1l, C3A2,
C4A1l). EEG channel impedance was measured intgriallo respiratory inductance
bands were applied and adjusted to ensure an abxéspiratory waveform; one at
nipple level and the other close to the umbiliduse respiratory signal was observed
for changes to shape, oscillation and rate. UpEM& signals were recorded from
standard neurophysiology skin electrodes appligedeg, the chin and the forehead.
Signals were observed for gross changes in ampliand the leg EMG was used
primarily as a movement detector. The video ainoechpture movements of the face;
the rest of the body was covered to maintain bedyperature.

4.3.3.1 Alice 4

The Alice 4 system internally digitised 2 EEG silgrat 200 Hz (channels F3A2 and
C4A1), and 2 at 100 Hz (F4A1 and C3A2). The proaesss 8 bit and the limits of
signal were -150 to +150 pV (signal resolution pragimately 1.2 pV). Signal
output was in microvolts. Calibration was checkesthg an external signal generator.
The synchronisation of the digital video with thikcA 4 monitors was found to be
inaccurate and varied by up to 5 seconds. Nevedbelising EMG and respiratory
waveforms the timing of facial and body movemenss wossible.
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4.3.3.2 Alice 5

The Alice 5 system internally digitised signal®280 Hz using a 10 bit processor
within an amplitude range of =300 to +300 pV (sigesaolution = approximately 0.6
pHV). Signal output was in integers ranging froto A024; these were converted to
Vs by multiplication by 0.6 and subtracting 30@liBration was checked using an
external signal generator. The digital video of Mtiee 5 system was shown to be
synchronised with other signals. Integral ECG safhad an automatic R wave
recognition algorithm and calculated the time défece between each R wave to
produce a sequence of RR intervals. The softwascadeertised as capable of
estimating RR intervals to the nearest 0.2 millisetyet ECG signals were digitized
at 200 Hz allowing minimum R wave resolution of 8liseconds. Comparison of
automatic RR intervals against “manual” estimateRR intervals from the 200 Hz
data showed that the R wave recognition may becurate and misleading. Sampling
frequency of 200 Hz is insufficient to determine REerval with sufficient resolution

to justify frequency domain analysis.
4.3.4 Grass-Telefactor

The Grass-Telefactor Twin (version 3.7.85.0) “AUR®:-20” is a multi-channel
recording system designed for electrophysiologitadlies. Signals from recording
electrodes are processed by an internal amplifidraaalogue to digital converter
connected to a control box both powered by antisgjdransformer. The amplifier
contained analogue signal filters set at 0.3 anblZ(high and low pass filters
respectively). Signals with a range of +2 to —2iwolts were digitised at 400 Hz by a
16 bit processor providing a signal resolution gbr@ximately 0.06 pV (precisely
0.06103515625 = 4000/9. Signal output was in microvolts. Grass-Telefacto
software organises the data storage into filesatoimg a maximum of 120 seconds.
A text file is generated recording the lengths stadit times of the data files. Signals
could be viewed within Grass-Telefactor softward tre view could be adjusted by
altering filters and time resolution. Signal datared in files were unfiltered. An

internal calibration system provided a referengea of +/- 400 uV.
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All EEG channels were referenced to an electrodequl on the bridge of the nose; a
ground electrode was placed on the forehead neanitfline. An internal impedance

check could be manually activated.
4.3.5 Video and audio recording

When using the Grass-Telefactor system events rgemeded by an analogue
cassette video camera (Sony Handycam®, DCR-HC27E3HLwhich was digitised
by Windows Movie Maker software for playback labera personal computer. The
time of the mark made on the EEG recording waskdgtwith the video time and

was always within 0.5 seconds.

4.4 Signal processing

4.4.1 Importing data into MATLAB

All signals were analysed by MATLAB program (versio, with Signal Toolbox).
Data from the Alice systems were identified whilepecting the recording and then
selected manually for export inta@svfile that could be imported into MATLAB.
For Grass-Telefactor data, after visual inspeatising the Grass-Telefactor system,
data were analysed directly from the data filehwiteach data file the start point
could be identified automatically on the hexadetidsda sequence. The MATLAB
program could either select an individual datar@presenting 2 minutes of data or

select a series of files to analyse a sequencatafaf up to 24 minutes.
4.4.2 Signal power estimation

The power spectrum density was estimated usingaied@atlab “m” program files
that incorporated the Matlab Discrete Fourier Tfams algorithm. The Welch
method of estimating power spectral density wasluske Welch method involves
division of a sequence of data into segments. 32 & each segment of data is
calculated and the PSD for the whole sequencesiséan of the segment PSDs.
Overlap the segments is permitted so that, for @anfor a segment length of one
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second in a sequence of 6 seconds, using an owdrtap will allow 11 window

PSDs to be used to estimate the mean PSD for ¢kedhds. The segment PSD
calculation is undertaken after the segment dagdbkan multiplied by a “window”
algorithm whose properties aim to reduce the effentthe power spectrum of the
sudden changes at the beginning and end of theesggRower within a frequency
band, or frequency range, is the product of thgueacy range and sum of the power

densities within the frequency range.
4.4.3 EEG

The EEG was analysed in sequences or segmentpash®’ of length 6 seconds.

The epoch length of 6 seconds was chosen to allogptbchs per minute.

4.4.3.1 Visual inspection of EEG

Digitised EEG signals were plotted to visually dhéar transients, periods of silence
and signals that were out of the range of measurergpochs were not analysed if

there was appreciable interference including:

ECG interference with amplitude greater than tviitemaximum EEG
amplitude

Transients, defined as an isolated feature, edstinguished from
backgroundf?

K complexes, defined as single positive (upwardhthegative voltage shifts
of 200-300 pV lasting less than 1 secdfid

Sleep spindles, defined as multiple spikes of 1H24vith an amplitude of
90-100 pV lasting from 1-6 secorits

Eye-blinks, defined as steep positive change (tfhkesteep but curved) with
slower recovery lasting less than 1 secBiid

Accidentals, defined as single acute shifts ladisg than 1 second such as
spikes (less than 200 uV) and sharp waves (lessbauV)*®

EMG high frequency “spiky” signals that obscure erging EEG

Non physiological artefacts; defined as sudderpstakenost vertical takeoff)
changes in baseline greater than 70 pV lasting thare 1 secorfd®

Page 81



4.4.3.2 EEG power spectral analysis

Within each epoch the mean of the signal was sciigtilfrom each data point in
order to minimise any direct current component@ningtype window was used
on each segment of length 1 second with an ovefl@b. The frequency resolution
was 1 Hz (=1/window length). The frequency rang&0%o of the sampling frequency
(sampling frequency of 400 Hz gave a frequency eanfd)-200 Hz). The following
variables were calculated within the frequency donfar each time epoch:
summated signal power within specified frequenaydsatotal power (TP) within a
specified frequency range, median frequency (MIg) spectral edge frequency
(SEF). MF and SEF are defined as the frequencybedoich there is 50% and 90%
(respectively) of the total spectral power.

4.4.4 ECG and HRV

4.4.4.1 Visual inspection of ECG

Each ECG channel was processed with a low passldidfer to remove frequencies
higher than 40 Hz (Butterworth, M=8) and then @dtand inspected for obvious
interference. The channel with the least interfeeeand highest amplitude of R

waves was selected for further processing.

4.4.4.2 HRV time domain

The selected ECG signals were processed to idghgffime indices of R waves. R
wave detection was performed by a modified Pan Tmnspalgorithn?®* Each beat
was visually inspected and the indices of misideatiR waves were replaced by
visually confirmed indices. Indices were analysetath time and frequency
domains. The calculated time domain variables wendar to those recommended
and published in 1996 by the Task Force of the pema Society of Cardiology and
the North American Society of Pacing and Electraibipgy*'* and included:

beat by beat RR interval (RR = NN = interval betweermal beats)
beat by beat heart rate (HR (60 divided by RR way
difference between each successive adjacent phiNahtervals (SDiffNN)
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square of the difference between each successjaeead pair of NN intervals
(SSDIffNN)

For each minute period the following were calcudate

mean NN and standard deviation of NN (SDNN)

mean HR and standard deviation of HR (SDHR)

mean SSDIffNN (MSSD)

square root of MSSD (RMSSD)

the number of pairs of adjacent beats with an absalifference more than 25
milliseconds (NN25)

percentage of NN interval that differ by more tt2dnmilliseconds (pNN25).

A difference of 25 milliseconds was chosen rathantthe recommended 50
milliseconds which is not appropriate to the sholkB intervals of infant3*’

Graphical displays of time domain variability shbeart rate rather than NN intervals
for ease of clinical interpretation. Progressiortionge in heart rate was
demonstrated by showing the change in mean hdartaaeach epoch (calculated
from RR intervals of successive beats within egumich). Sampling frequency of 400

Hz enabled 2.5 millisecond resolution of RR intésva

4.4.4.3 HRV frequency domain

Frequency domain analysis was performed on a wawedd RR intervals against
time. This involved plotting beat by beat RR intsvagainst the time of the second
beat of the interval, interpolation of this ploda®sampling with a sampling
frequency of 4 Hz. This generates a new wavefoahtias a maximum frequency of
4 Hz. A power spectrum analysis was performed usingndow length of 32 seconds
(or 128 data points) giving a frequency resolutid0.03125 Hz and a range of 0 to 2
Hz. Typical plots of RR intervals together with th@SD is presented in Figure 4-1.

Band power was calculated (summated power densiitbs the frequency range *

frequency range) in the following frequency ranges:

low frequency (LF = 0.03 to 0.16 Hz),
high frequency range (HF = 0.19 to 0.41Hz) and
very high frequency (VHF = 0.42 to 1Hz).
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The HF range was chosen to capture the power dilne tbequency of mechanical
ventilation. The LF and VHF ranges were chosemlémiify variation that was not

related to mechanical ventilation.
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0.42

Figure 4-1: Typical plots of ECG RR intervals witteir corresponding PSD
A: RR intervals plotted against time of the seconddRe of the interval

B: Interpolated RR intervals (calculated using selifunction) plotted against time
(resampled at 4 Hz)

C: Interpolated RR intervals (adjusted for mean tedd) plotted against time.
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5 Development of the model of awakening from

anaesthesia

5.1 Assessment of arousal and stimuli in non-intubateohfants

THESIS THUMBNAIL <

« Which stimulus? | | * Loud noise unreliable

* Awakening is rapid

* Model unsafe without

tracheal tube

« Model of awakening | * EEG power spectrum
changes associated wit

awakening

5.1.1 Introduction and aims

Is there a state, between anaesthesia and waksgfuimehich the infant appears
asleep but cannot be not fully awakened? Is thelen@onstrableniddle ground
(perhaps a sedated state) between anaesthesiakeflilwess in infants? Such a
sedated state could be present in infants whoeaeving low doses of anaesthesia

and in those whose tracheas are not intubated.

What stimuli should be used to test arousal froohsustate? At the end of surgery
while anaesthesia levels are reducing, awakeniagldloccur when the hypnotic
effects of anaesthesia no longer oppose stimutlelfe are no stimuli, either internal
(e.g. pain) or external (e.g. pharyngeal suctibehtawakening may be delayed. It is

common clinical practice to use mild non-painfurgtli to provoke awakening.

In verbal children, calling their name is used ipunhfants a reliable auditory stimulus
has not been described. During natural sf@afnoise (noise power is inversely
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proportional to frequency) causes autonomic arauasaiost infants-#***and if this
occurred reliably during recovery from anaesthdsiaay be useful as a marker of
depth. The noise of MRI scanning is another paddigtuseful stimulus. It disturbs
the sleep of infants and prevents them staying imi@dor imaging; anaesthesia or

sedation is often required that must be deep entughevent a response to nofée.

Shallow depth of anaesthesia may not be possilthe ifrachea is intubated because
the tube itself may be uncomfortable and causesatonstead of the noise. Noise,
therefore, may only be useful in non-intubatedntdaThe scenario of non-intubated

infants is relevant during MRI scannifigh**%°
5.1.2 Objectives

to determine the reliability of loud noise as anstius to rouse an infant from
anaesthesia

to assess the feasibility of using a model of awalgfrom anaesthesia in
which the infant is breathing spontaneously with@titacheal tube

to examine responses (including EEG changes) agedavith arousal or

awakening

5.1.3 Methods

5.1.3.1 Subjects

Two groups of sleeping infants were studied. Iréastovering from anaesthesia
were the main study group. A smaller group of itgasleeping naturally were studied

to test the arousal effect of noise.

5.1.3.2 Noise provocation and other stimuli

Noise provocations were mixed frequency sound$afB presented for 3 seconds
via speakers placed 10 cm from the ears. Threendsamas chosen to enable repeat

noise testing (approximate interval of 60 secon@ise was played only when there
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had been at least 60 seconds of both sleep ardi/dtezathing (as judged by

observation of the respiratory waveform).

The first 5 infants tested during anaesthesiaghaki noiseand the remainder had a
pulsatileMRI scannemnoise. Other stimuli were used if noise provocat@s
considered unsuccessful. These included inserfian oral airway into the mouth or

gently squeezing the nose.

5.1.3.3 Anaesthesia

Anaesthesia was induced with sevoflurane and magdawith isoflurane in oxygen
and air. After surgery ended infants were moveal ¢piet room (the anaesthetic
room) for observation and monitoring. Extubatiorswiglayed for approximately 5
minutes until extra monitoring (described belowysveaplied. Extubation was carried
out under isoflurane anaesthesia and when spontareeathing was judged to be
adequate. Sleeping infants were placed in the symsition and their airway was
usually self-maintained; an oropharyngeal airwag wsed if necessary. Oxygen was
administered via a simple tube positioned cloghédace. Tidal gas was sampled
from a soft catheter placed either in a patentrii@stin the oropharyngeal airway.
The room had standard lighting and was quiet exicegghe sound of a pulse

oximeter.

After extubation, arousal was expected at a vagisibie either spontaneously or in

response to a provocation. Infants were expectée ia one of three categories:

Early recovery. Arousal or awakening would be unpked within 3 minutes
of extubation.

Expected recovery. The infant would be asleepaiitytbut arousal and
awakening would occur within 15 minutes of extubatieither spontaneously
or in response to provocation with noise.

Delayed recovery. The infant would remain asleepgdoger than 15 minutes.
There would be no arousal, either spontaneousawoged by noise. After 15
minutes, arousal and awakening would be provoketth&@ygentle stimulation

of the mouth or nose.
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5.1.3.4 Natural sleep

Infants were studied either before or at leastaftdr surgery, and were observed and
monitored after feeding during quiet sleep. Non@ tezeived any medication other
than paracetamol for the previous 24h. Quiet sle@pobserved for at least 10
minutes before any noise provocation. Infants weresidered to be asleep if, for a 30
second period, they had a steady heart rate aathiorg pattern, sustained eye

closure, were quiet and had no gross facial, tamknb movements.

5.1.3.5 Definition of arousal response

Responses to noise were assessed during anaestheésiatural sleep. Arousal was
defined and categorized according to the systertighdal by the International
Paediatric Work Group on Arousai§except that EEG changes were not included.
EEG changes were considered separately after pgoetssing (see below).
Arousals were considered provoked if they occuwihin 3 seconds of the stimulus
and were recorded as sustained if they lasted tharel5 seconds. Awakening was
defined as 2 out of the following 4 behaviours paded they occurred continuously

for at least 30 seconds; eyes open, grimacingngryir gross motor activity.

5.1.3.6 Monitoring

The Alice 4 system was used for the first 10 indaanid the Alice 5 for the remainder.

5.1.3.7 EEG signal processing and comparisons

Powers within both narrow and wide frequency bamese calculated with a

frequency resolution of 1 Hz.

5.1.3.8 Signal comparisons

EMG interference may have influenced the poweryamadespite exclusion of
visually obvious contaminated epochs. Assuming BMG interference was more
likely to have occurred in frontal rather than cahthannels, the means and
distributions of power in the frontal (F3A2, F4Adnd central (C3A2, C4A1)

channels were compared first.
Arousal responses to noise were assessed duriegthraia and natural sleep.
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In infants waking from anaesthesia, processed E&i&\dere compared during:

* 60 seconds of steady state sleep versus 60 segbadskening (or maximal
arousal). The sleep data was sampled early irettwrding and the awakening
was generally at the end of the recording.

* 60 seconds before and after autonomic arousal

* 60 seconds before and after awakening

5.1.4 Results

5.1.4.1 Description of infants

Demographic details are presented in Table 5-1esif@sia was studied in 15 infants

and natural sleep in 5. Every infant had a periosleep and arousal.

5.1.4.2 Technical issues

The change in respiratory waveform was a good atdrcof body movement and
always coincided with other features of autonomaziaal and with awakening. Heart
rate changes were less easy to detect by obsarvatie timing of EMG signals was
compared with video recording of movement and viasve to coincide with
movement in general. Visual inspection of EEG digishowed that there were
frequent ECG, EMG, and non-physiological interfenrhese were most likely due
to poor electrode contact and variable impedanppréximately 60% oawake
epochs (compared with 18% afaesthesi@&pochs) were excluded from analysis.
Transients or eye blinks were not seen exceptrierkbocomplex. Aproximately10%
of all epochs were excluded because of ECG intemfay. ECG interference produces
spiky waveform that should produce high frequemtgrference. In a small sample,
the ECG waveform of different heart rates was tebtePSD and power within broad

frequency bands did not show a gross change.
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Table 5-1: Demographic details of infants testethwbise and other stimuli

Infants are grouped by sleep type and in ordescéiading age.

Patient ID | Sleep typg PMA (w)Weight (kg) | Operation Alice

10 anaesthesig41 4 amputation foot 4

15 anaesthesig41 3.6 anoplasty 5

13 anaesthesig42 3.5 lensectomy 5

9 anaesthesia4?2 4 inguinal hernia repair 4

18 anaesthesig42 4.1 lensectomy 5

6 anaesthesia43 5.2 anoplasty 4

8 anaesthesia44 3 inguinal hernia repair 4

11 anaesthesig45 4.7 arm amputation 5

19 anaesthesig46 4.1 closure of ileostomy 5

7 anaesthesia48 4.4 gastrostomy 4

14 anaesthesigb2 5.6 cleft lip repair 5

2 anaesthesiab56 5.6 anoplasty 4

16 anaesthesigb6 5.7 anoplasty 5

20 anaesthesigb8 7.6 closure of ileostomy 5

5 anaesthesia70 6.7 anoplasty 4

4 sleep 39 3.4 urethral valves 4

17 sleep 41 2.5 Awaiting repair of tracheod
oesophageal fistula

1 sleep 42 2.9 Repaired gastroschisis 4

3 sleep 42 3 Repaired bladder extrophy
repair

12 sleep 45 4.7 36h after arm amputation 5
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5.1.4.3 Behavioural response to noise

5.1.4.3.1 During recovery from anaesthesia

Of 15 anaesthetised infants 4 had early spontamegosery and 9 had expected
recovery. Of the 9 infants who recovered expect8dhere tested with noise and
only 4 of these had any obvious evidence of autenanousal. In one infant oral
stimulation was used and it caused autonomic atobs@ infants had delayed
recovery and arousal was provoked by oral or retgallation. Out of 15 infants 3
had oxygen saturations below 90% after removahetitacheal tube due to either
apnoea or laryngospasm. No intervention was reduitieer than oxygen delivered by

face mask.
5.1.4.3.2 During natural sleep

Noise caused obvious autonomic arousal in 4 o6tinfants. In those who did rouse
there was evidence of habituation of response. &egeoise stimuli became less
effective (autonomic arousal occurred with appraatiety 30 to 40% of repeated

noise stimuli).
5.1.4.4 EEG changes

5.1.4.4.1 Comparison of power in frontal and central channels

Figure 5-1 shows the mean power in frequency bahttental and central channels
during both sleep and awake states. The total powasntral channels was
statistically higher than in the frontal chann&ewer with frequencies higher than 30

Hz were almost zero during anaesthesia and thipdstmrates absent EMG activity.

5.1.4.4.2 Anaesthesia versus awake

Continuous EEG signals were satisfactory in 10 stha¢ised infants. There were no
consistent patterns of change in TP, MF and SEKd®st anaesthesia and
wakefulness: TP increased in 7, MF increased indBdecreased in 6, SEF increased

in 4 infants and decreased in 5.
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Table 5-2: Mean log transformed EEG variables dpanaesthesia and awakening

TP = total power, MF = median frequency, SEF = spéedge frequency

Variable Anaesthesia Awake t test P value
TP 2.65 3.28 <0.01

MF .22 .27 0.28

SEF 74 .82 0.012

Band power

1-4 Hz 2.65 3.28 <0.01

5-8 Hz 2.52 3.22 <0.01

9-13 Hz 1.49 1.89 0.2

14-20 Hz 151 1.55 0.9

21-30 Hz 1.57 1.53 <0.01

The raw variables were not normally distributed their log10 values were normally
distributed. Table 5-2 compares the mean loglGtoamed variables by unpaired t
tests: all variables increased after awakeningExoe 1og10 power in bands 9 to 13
Hz and 14 to 20 Hz. Powers in frequency bands béléiz were much higher than in
higher frequency bands and were excluded from énrdinalysis. Figure 5-2 shows
the distribution of mean log10 power in each sirtdgeduring anaesthesia and
wakefulness. Mean power was consistently highengduwakefulness than

anaesthesia in frequency bands higher than 20 Hz.

The percentage change in mean power (all channdlalbepochs) from sleep to

wakefulness was calculated in each frequency baneach infant. Figure 5-3 shows

that there was a consistent pattern in infants 6@arveeks PMA. In these infants
Page 93



power in frequencies of approximately 10 to12 Herdased and power in the highest
frequency bands increased. Figure 5-4 shows astensichange in the ratio of log
power from sleep to wake states in each infargsprective of age, a ratio of the
power in high and low frequency bands may diffaegatbetween sleep and wake

states.

Figure 5-1: Comparison of mean raw EEG power intliband central channels

Bars represent mean raw power of all epochs imfehis in each EEG single

frequency band ranging from 4 to 30 Hz

A: during 1 minute of anaesthesia

m frontal

O central

power (UV/2)

@ frontal
0O central
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Figure 5-2: Comparison of EEG power during anaesthend wakefulness

Bars represent mean log10 power (of all channalsafirepochs in 10 infants).

@ anaesthesia

0 awake

log10 power (uV/2)

Figure 5-3: Age related change in EEG log 10 pdwen anaesthesia to wakefulness

Each set of bars represents the change in powetrgpefor a single infant. Each bar
represents % change in mean log10 power in singtpiency band (range 6 to 30
Hz).
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Figure 5-4: Ratio of the mean log10 EEG power iraB8 11 Hz frequency bands in
sleep and wake states in each infant
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5.1.4.4.3 Provoked autonomic arousal from anaesthesia

Four infants had good examples of provoked autoo@musal in which they were
asleep before arousal and then settled within askB@nds. Neither visual inspection
nor power spectrum analysis showed an obvious eéhemBEG over these brief
periods. Five infants had good examples of provakedkening from sleep. Figure
5-5 shows spectrum of mean EEG power in each pbamdl for each child during
one minute of sleep, just before awakening, justrafwakening and when fully
awake. The bar graphs show there is an incredSE@ power in high frequency
bands except in patient 16. Nevertheless the cdfpmwer in higher over lower
frequencies always increased (see Figure 5-6).
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Figure 5-5: Mean EEG power during anaesthesia adttening in 5 infants
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Figure 5-6: Ratio of raw EEG power in 30 to 11 Hzidg recovery from isoflurane

anaesthesia in 5 infants.

Each point represents ratio of mean raw power @& channels over one minute)

in 5 infants.
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5.1.5 Discussion

These data show that noise can provoke arousaiginéatural sleep although arousals
were reduced after repeated noise stimuli. Durmgeathesia noise was not a reliable
stimulus of arousal or awakening. Arousal patt¢spsntaneous and provoked) from
anaesthesia were mixed, with some infants rousimgkty and others slowly. When
autonomic arousal occurred it was unusual for iifenit to return to sleep again; i.e.
autonomic arousal was not clearly separated frdhafausal or awakening. This
supports the observation that awakening in infentall or none” and that theniddle

groundor sedated state cannot be reliably demonstratéds scenario.
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EMG interference could have introduced a high fesgpy component into the EEG
and if so, the frontal channels should receive nmuerference than the central. No
appreciable differences, however, were found betvpesver spectra of the channels.
This suggests that appreciable EMG interferenceexelided or not present. The
mean power in all frequency bands was higher itraeochannels than in frontal. This

difference was greatest in the lowest frequencylban

The comparison of the EEG power spectra of anasétkebabies versus spectra in
awake babies showed that in infants over 50 wedk& (h=6) there was a similar
pattern of change. There was a general incregsewer over 20 Hz but that the
power in frequencies close to 10 Hz decreaseahfémis under 50 weeks PMA (n=4)
the EEG pattern was less constant but power iimegjuency bands tended to increase
upon awakening. Irrespective of age, the ratioigh frequency power to low

frequency power always increased with awakening.
5.1.6 Conclusions

* Loud noise is not a reliable stimulus to rouserdarit from anaesthesia
» A sedated state could not be reliably demonstrated.

* The model of awakening from anaesthesia in whiehrfant is breathing
spontaneously without a tracheal tube is associaitdairway and breathing

problems.

» There may be age related EEG power spectrum chasgesiated with

awakening.
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5.2 Defining awakening by consensus

THESIS THUMBNAIL

* What is ~ > | Atleast 2 of:

v | awakening? « crying/crying attempt

* vigorous movements

* Model of awakening * tracheal tube gagging
* eyes open

* looking around

5.2.1 Introduction and aims

In a review of the literature no definitions orteria of awakening were found that
were specifically developed for anaesthetised tstaé®cales or criteria have been
developed for children awakening from anaesthasiesame have been used in
infants. No scale has been developed or appli¢hietstudy of anaesthetised

neonates.

An observational tool, in which awakening (involgiboth provocation stimulus and
the response to it) could be developed by discosanl agreement between experts.
Consultant paediatric anaesthetists are experiencessessing whether their patients
are awake or not and should have important opiraaasit this subject. In a small
pilot survey of colleagues however 2 possible atbstato obtaining consensus were
identified. First, some anaesthetists were confadedit the meaning afrousal;they
reasoned that arousal was related to the abilith@infant to maintain vital reflexes
rather than any relation to conscious level. Howéhe objective was to ask
guestions about conscious level and thereforeadstéarousalthe questions used
the wordawakeningo direct the discussion to conscious level rathan vital

reflexes. Second, the telinfant covers a wide range of age and development and
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therefore the age rangemmdonatevas chosen as this age range was least well served

by any existing scales.
5.2.2 Obijective

The objective of this survey was to seek answetisraee main questions:

Is it possible to define awakening from anaesthiesieeonates?

What are the observable phenomena that can beasedcribe awakening
from anaesthesia in neonates?

What stimulus should be used to test rousabilityi&eping neonates at the

end of anaesthesia?
5.2.3 Methods

This survey was registered with the Institute ofl€Health in London and did not
require consideration by an ethics committee. A ifiextiDelphi techniqué’ 2%
employed a series of questionnaires based on #&iqos above. “Neonate” was
defined as an infant less than 28 days old and fatirterm. All consultant
anaesthetists were invited to participate who veenployed in specialist paediatric
hospitals in Great Britain and Ireland where neesatre anaesthetised. The lead
clinician of the each anaesthetic department wiaphened and asked to distribute to
all their colleagues, by internal email, an invdatto take part. Willing participants
replied to the authors by email. All questionna@esl communications were by
email. Questionnaires were piloted within a srgedlup of colleagues before

beginning this study.
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Table 5-3: Awakening consensus questions

Please describe your level of agreement with thevitng statement:

“In neonates, it is possible to describe observphEnomena that can be used to
define awakening from anaesthesia”

List reasons why you think that it may not be pllesio describe observable
phenomena that can be used to define awakeningdnamsthesia in neonates

In neonates, what observations do you consideddeeiluseful as indicators of
awakening after anaesthesia?

If a neonate looks asleep, what stimulus would yseito test rousability after
anaesthesia?

The series of questionnaires were as follows. Tl questionnaire asked one
specific question and several other broad opentipmsssee Table 5-3) that enabled
a list of issues for further discussion. In thessetquestionnaire respondents’ first
answers were used to form a list of statementspnediting was used to aid clarity.
Respondents were asked to describe their agreeémtrgse using a 5-point Likert
scalé®® they had to choose onesifongly disagreedisagree neither agree nor
disagreg agreeandstrongly agreeln the third questionnaire individuals were givaen
summary of the opinion of the whole group (as patage of respondents agreeing
with the various statements) and were invited t@mnsider their original answers.
Opinion could be recorded in free-text boxes. Quaesaires were planned until
consensus was achieved or when a low responsmeate further rounds impractical.

Anonymity in feedback prevented undue dominancangfparticular participant.

In the final summary, and analysis, gteongly disagre@nddisagreewere grouped
together as “disagreement” aagreeandstrongly agreavere grouped together as
“agreement”. The percentage of respondents gifiagsgame answer was calculated
from the total number who completed tH&@uestionnaire. Consensus was defined as

80%, or more, of respondents giving the same answer
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5.2.4 Results

Out of an estimated 275 potential participants13P4) responded to the first

guestionnaire, 30 to the second and 29 to the.third

In answer to the specific question ‘in neonataspessible to describe observable
phenomena that can be used to define awakeningdnamsthesia?’ only 2
respondents changed their answer in the second mohso this question was not
asked again in the third round. At the second rp@6d83.3%) agreed that it was
possible, 2 (6.7%) neither agreed nor disagreed@gi0.0%) disagreed. Of those
who agreed, 2 (6.7%) strongly agreed. No partidgpatrongly disagreed.

When asked why it “may not be possible to desanitiervable phenomena”
consensus was reached on three statements: “apmagasccur when neonates are
awake” (27 (93.1%)), “their eyes may not open” (22.8%) and “awakening is a
continuous process” (24 (82.8%)). More than halpafticipants agreed with the
following statements: “airway problems can occuereif the baby appears awake”;
“communication is not possible”; “there is no respe to verbal stimuli”; “opiates
reduce responsiveness and make assessment diffioelbnates normally sleep for
long periods”; “we do not know the variation in d&egaing in neonates” and
“phenomena are likely to be similar to awakenirggrfmatural sleep”.

There was unanimous agreement that crying coulduseeful indicator of awakening.
Consensus was reached on 5 other criteria andhasa combination of criteria must
be used (see Table 5-4). There was majority agneeomeanother 8 criteria.
Consensus was reached (more than 23 out of 2%)ree interventions used to test
rousability after anaesthesia: “removal of skinegite tape (for tracheal tube,
surgical drapes or diathermy plate” (25 (86.2%l)yHt touch (e.g. stroking head,
tickling feet or other part, gentle shaking) (22.@%))"; “pharyngeal suction” (24
(82.8%)). There was majority agreement with “matagian of tracheal tube” (18
(62.1%)). Two respondents felt that stimuli to testsability may be inappropriate
because “if stimulation is needed the neonate andke enough” and “routine
stimuli can give some information about awakeniagdiher stimuli shouldn’t be

used to test awakening”. There was no consensusg alat was the most extreme
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intervention appropriate to test awakening; howelrermajority agreed with the use

of “removal of tape for tracheal tube, drapes atliermy plate” (16(55.2%)).

Table 5-4: Agreement to criteria of awakening

Percentage agreement (out of 29, and in decreasileg of magnitude) on criteria

that could be used for determining awakening fromesthesia in neonates (SD/D —

strongly disagree or disagree, NN — neither agoealisagree, A/SA — agree or

strongly agree, TT — tracheal tube). * = one regeondid not answer.

Criteria | SD/D| NN | A/SA
Consensus achieved (%):

Crying 0.0 0.0 | 100.0
Vigorous movements 3.4 0.0 96.6
Gagging on tube/obvious attempts to spit out th& ET 6.9 0.0 | 93.1
Attempting to cry 0.0 6.9 | 93.1
Looking around 3.4 3.4 | 93.1
Eyes open 3.4 6.9 89.7
Must be a combination of factors 3.4 3.4  89,7*
Majority agreement (%):

Purposeful movements 10.3 | 13.8| 75.9
Eyes screwed up or grimacing 138 17.2 69
Same behaviour as was observed before the anaesthet | 3.4 24.1| 69.0%
Normal movement for that baby 6.9 276 655
Different signs correspond to different levels ohsciousness 3.4 31.0 65.b
Increasing amounts of eye opening 3.4 31.0 62.1*
Localisation to a stimulus 20.1 207 586
Opening mouth 17.2 | 31.0| 51.7
No majority agreement (%):

Sucking reflex 10.3 | 41.4| 48.3
Movement in response to pain 207 31.0 483
Increased tone 241 | 31.0| 44.8
Varied movements 17.2 | 41.4| 414
Sustained/regular or ‘normal’ respiration 31/0 27.81.4
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5.2.5 Discussion

In this sample of anaesthetists, over 80% thouwutitit was possible to define
observable characteristics of awakening from ahasst in neonates. Consensus was
achieved for 6 behaviours. It was considered restdenwithout seeking their
approval, to simplify these 6 to 5 because crying attempting to cry are similar.
Therefore the working criteria of awakening in @nate or young infants for this
thesis the combination of at least 2 of:

crying or attempting to cry
vigorous limb movements

gagging on a tracheal tube
eyes open

looking around

Eyes open, alone, may not be enough to define awakeand therefore looking

around is an additional criterion.

The range of agreement suggests that the criteghtrine ranked in importance but
this should not infer any particular hierarchy aferia. For example it may not be
true that a crying neonate is any more, or lesakawhan one who is not crying but
whose eyes are open. However some respondentshthtbatyawakening is a
continuous process and this suggests that a sceystgm might be possible. The
survey focused on neonates and thus its findingsmotbe applicable to preterm
infants (if they cannot move or cry), nor to oldgiants (who may respond to the

spoken word).

There was less agreement about testing rousaldilftthe three interventions
suggested (removal adhesive tape, light touch eadsaction) only light touch seems
reasonable to use repeatedly. The others coulddxthut only if they were necessary
for clinical reasons. One respondent recommendad disability should be tested by
progressively more uncomfortable stimuli. Skin stiation is the least unpleasant of

the suggest stimuli.
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The Delphi method has been used widely in anadathas surgey*?°* The
guestionnaires were structured to avoid bias;itsedsked open questions and the
second asked for opinions about reasons for ngtwhét characterises awakening

but also why awakening might not be characteriBgdhis approach opinion was
challenged rather than lead. Nevertheless onlyt »108(l original respondents

changed their mind. Some respondents were sloesfmond to the third questionnaire
and further rounds of questions were considereifelglto change opinions and

might induce sample fatig#&> Although some researchers have defined consessus a
51% agreemerft. 80%° was used to increase confidence that the chosamip®rs

of awakening would be accepted.

This survey has several limitations. Although thedhi technique is based on the
principle that the aggregate opinion of a group pribvide superior judgement to
individuals from that group’>***existence of consensus does not mean that the
correct answer has been reacff@inswers were not based upon consideration of
evidence and it is difficult to test the validitf/tbe results unless another standard is
used. Even expert opinions on this subject areestilsg and vary, and it is possible
that a different sample of anaesthetists could liifferent opinions or that the same
group could change their conclusion in the futdm@ongst colleagues several would
not readily distinguish between awakening as a epinof conscious level (which is
difficult to define) and the return of airway refs (that is easy to observe and could
be considered to be more relevant to safety). Gmesanaesthetists therefore,
assessing consciousness in neonates may havepaidwity. Yet opinion can change,
for example there has been a major change in apatout the need for analgesia in
neonate$?”**® Anaesthetists are not the only professional grehp have expertise

on this subject and other surveys could ask fomiops of recovery and intensive care
staff; neurophysiologists also have a wealth ofeeigmce and have coded neonatal
behavioural for EEG studies. Nevertheless, anagstitiedo observe awakening at the
crucial period of anaesthesia and should havelaistd insight. Even though the
sample size was small in comparison with the nurobewvited anaesthetists it is
possible that these willing respondents are reptatiee of their non-participating

colleagues$?® Future surveys of different anaesthetists mayibséfied. Further
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research may be able validate the conclusions iojgeee from physiological

measurements such as electroencephalography.
5.2.6 Conclusions

Anaesthetists responding to this survey have agteg#dcwakening in neonates after
anaesthesia is a combination of at least 2 of @Wehrs and these could reasonably
be reduced to 5. For the purposes of this thesisvtirking criteria of awakening in a

neonate or infant is combination of at least 2 of:

crying or attempting to cry
vigorous limb movements

gagging on a tracheal tube
eyes open

looking around
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5.3 Assessment of awakening in unstimulated intubateahfants

THESIS

THUMBNAIL Ancesthesia Avake
! ! !

Sevoflurane Awakening Tracheal
off begins extubation

* No stimulus?
~*| « Which EEG ~ ™ « Stimulation required to provoke
channel? awakening

* EEG power in 5-20Hz highest in
centro-parietal channel

* Model of awakening

5.3.1 Introduction and aims

The change, shown in the previous section, in EB®ep spectrum during awakening
from anaesthesia may be more clearly charactebyguocessing a longer
continuous signal. Events continuously recordedtaned by video starting from
steady state anaesthesia until awakening, maereld&EG changes. The safest
possible model of anaesthesia is that of an inadbatechanically ventilated infant.
The problem of what stimulation should be used,\ahen (or at what depth),
remains troublesome but could be ignored for tlesemt if the infant was left
unstimulated. Awakening could then be considerdaetanprovoked, or at least not
provoked by any obvious external stimulus (exceptive stimuli of the tracheal tube

and surgical pain).

Internal stimuli, probably from pain may be assurnteede variable and are reduced,
also to a variable degree, by analgesia. As inloalalt anaesthesia is washed-out, and
its effects are diminishing, internal stimuli ailkely to cause awakening at some
stage. If, despite adequate time for anaesthestdsléo decrease, arousal has not
occurred, it is standard practice to provoke arbaisd awakening because of clinical

time constraints.
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Many EEG channels could be monitored but the agiitio of many electrodes can
be time consuming. The minimum number of electradesild be used however
there are few published data to indicate whichtedees are most useful. The frontal
channels are used for commercial LOC monitors bexthe forehead usually is
accessible and hairless. Nevertheless the frohtaireels may often be contaminated

by EMG. The signals over the scalp may be diffesgrat should be investigated.

5.3.2 Obijectives

» To further investigate the characteristics of EE@nges during awakening

from anaesthesia

* To determine which EEG channels may be most usefilétect changes

during awakening

5.3.3 Methods

5.3.3.1 Subjects

Anaesthetised infants were studied after surges/coanplete.

5.3.3.2 Anaesthesia

Anaesthesia was induced by sevoflurane and maeddg either sevoflurane or
isoflurane. All infants were mechanically ventildtéa a tracheal tube. Anaesthesia
management was not altered by this study. Aftegesyrhad been completed
anaesthesia was maintained while dressings wetedppuring this steady state, in
which the infants were undisturbed, EEG and EC@rdings were taken for at least
one minute. Anaesthesia administration then stoppeldresh gas flows were
increased to at least 8 litres per minute. Mectamentilation was unchanged.
Observations were made and recordings taken dthrengrzashout of inhalational

anaesthesia until a predefined time or event.

5.3.3.3 Study monitoring
The Grass-Telefactor “AURA 10-20” was used to manEEG, EMG and ECG
(study monitoring). Electrodes were applied befrggery and included the
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following sites: midline central (Cz), midline frtad (Fz), midline occipital (Oz), over
the temporal region above the left ear (T7), eitdiée of the midline between the
central and parietal sites (CP3 and CP4), an tveright masseter for EMG.

5.3.3.4 Recordings

When surgery was completed the study monitoringseasiected to the recording
devices and, after at least one minute recordielivety of anaesthetic vapour was
stopped. A video recorded the events during awakewit the end of surgery EEG
monitoring was connected and the anaesthesia waedtoff. Infants were allowed to
awaken undisturbed for at least 5 minutes untikih@esthetist considered that the
concentration of end-tidal anaesthetic was comjeatifith awakening; stimulation at
that stage included suction of the pharynx and xeinof adhesive tapes from the

face.

5.3.3.5 Signal processing and analysis

All signals were visually inspected and epochs videatified that had appreciable
interference or non-EEG signals as defined in speti4.3.1. These epochs were
excluded from further analysis. Data files were amgd into MATLAB software and
power within single frequency bands were estimé&te@ach epoch using the Welch
method (epoch = 6 seconds, Hanning window, wintbmgth 1 second, overlap
0.5).). A sequence of data (lasting several minutgsesenting the progression of
EEG from anaesthesia until awakening was procdsseate a 3 dimensional plot
of power spectrum against time (x, y and z axesesgmting frequency, power and
time respectively). The plot of each of the 6 atels was observed for obvious
characteristics. Data from each plot representiragpsthesia were used to describe

and compare the 6 EEG channels in terms of:

Changes in power spectrum during awakening

Mean power in frequency range of 5-20 Hz duringestizesia
Epochs with EMG interference were identified by

visual identification.

power more than 50 | frequency band 30 to 45Hz
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5.3.4 Results

5.3.4.1 Description of infants

10 infants were studied and their demographic aaesthesia details are presented in
Table 5-5. There was an error with both video aB&Eecording of infant 1. In the
following tables data are presented in order ofaasing infant age. In 5 infants
awakening was spontaneous and occurred within &tesrafter anaesthesia had been
turned off. In 4 infants first movement began 5 ut@s or more after anaesthesia had

been turned off and in these infants awakeningmmagoked by pharyngeal suction.

Table 5-5: Demographic details of unstimulated atretised infants

ID PMA |gestation | wt anaesthesig operation analgesia
8 44 40 4 SevofluranePyloromyotomy | Fentanyl
9 46 41 5.9 | SevofluraneDuhamel Fentanyl &
caudal
6 50 38 4.6 Isoflurane |  Cleft lip repair Fentanyl
5 51 38 4.6 Isoflurane |  Cleft lip repair Fentanyl
10 52 40 4.6 | SevofluranePyloromyotomy | Fentanyl
7 56 42 5.9 SevofluraneAnoplasty Caudal LA
4 61 40 7.4 Isoflurane Excisi(_)n skin Fentanyl
lesion
3 69 40 9.8 | SevofluranePancreatectomy | Morphine
2 90 40 12.7| SevofluraneCleft lip repair Fentanyl

5.3.4.2 Changes in power spectrum during awakening

The majority of the power of the EEG lies withiretfiequencies less than 5 Hz. On
visual inspection of the time progression of pogectra changes, infants could be

separated into 2 groups according to the spectiaglanaesthesia. Infants either had
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or did not have appreciable power in frequency bdmgher than 4 Hz. In those who
had appreciable power frequencies over 4 Hz tlegmaed to be 3 obvious periods in

the progression of the power spectrum. The 3 psneete:

During anaesthesia there was a prominent oscii@i@pproximately 8-12
Hz which decreased as sevoflurane washed out.

Before the first movement, that usually precededkaming, this oscillation
disappeared.

With movement and awakening there was a genergdase in power across

all frequency bands but especially in the frequdrayds less than 4 Hz.

A typical power spectrum progression is presentegéigure 5-7. There were 4 infants

with this pattern and all were over 52 weeks PMA.

In infants who did not have appreciable power @gytrencies higher than 4 Hz, the
power in low frequencies increased during movemafdnts in this group were
younger than 52 weeks PMA and a typical power spetprogression is presented
in Figure 5-8. There was one exception in this greho was 62 weeks old (PMA);
this infant had an oscillation pattern of low power
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Figure 5-7: Typical EEG power spectrum progressioan infant older than 52
weeks PMA
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5.3.4.3 Assessment of EEG channels

5.3.4.3.1 Signal size

Summated power within the frequency band 5 to 20veg used to assess the size of
signal in each channel. Table 5-6 shows the meaipover 10 epochs (one minute)
during steady state undisturbed anaesthesia aftgery had been completed. Mean

power was highest in the frontal channel and loweste occipital.

5.3.4.3.2 EMG interference

EMG interference was uncommon and intermittentrduanaesthesia. Table 5-7
shows that there was wide variation in the numibexoluded epochs. Patient ID 7
had the most EMG interference and this was fourtterfrontal channel. After
calculation of power spectra few epochs were ifiedtwith power greater than 50
1VZin frequency band 30 to 45Hz. Aimost all of thesgtahed the visual

identification of EMG interference.
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Table 5-6: Mean EEG band power (5-20Hz) during mneute of anaesthesia

Infants are in order of increasing age. x = chanoérecorded. Power units are 1V

Infants | EEG channel

ID Cz Oz Fz CP3 CP4 T7
8 29.3 8.4 6.8 15.6 14.7 17
9 14.7 6.2 18.8 12.9 10.9 9.9
6 55.6 82 104 50 41.1 34.4
5 351 50.9 169.9| 103.4 56.9 39.4
10 459 34.3 90 158 129.% 54.2
7 108.5 40.4 108 135.9 127 61
4 79.9 45.9 61.6 118.4 114 X
3 156.5 X 60.9 172 139 X
2 1064 367.8| 1915 1048 918 664

mean | 257.6 79.5 271.3 201.4 172.4 110
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Table 5-7: Visual identification of EMG interferemaccording to EEG channel

Number of epochs during anaesthesia (before fiosterment) with EMG interference

identified by visual inspection of the recording

Infants EEG channel
Total
number
of
ID epochs Cz Oz Fz CP3 CP4 T7
8 127 1 1 1 1 1 1
9 100 9
6 63 8 8
5 10
10 76 4 3 3 4 4
7 79 5 28 4
4 80
3 100 X 4 X
2 129 8 7 7 9 9 9
total 18 19 48 18 26 10

Blank cells = 0%. x = channel not recorded.
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Table 5-8: High power high frequency interferencecaiding to EEG channel

Number of epochs during anaesthesia (before fiestement) with EMG interference
defined by summated power >50 fawithin frequency band 30-45Hz.

Infants EEG channel

Total

ID nurgfbef Cz Oz Fz CP3 | CP4 T7
epochs

8 127

9 100 1

6 63

5 10

10 76 1 1 1

7 79 1

4 80

3 100 X 1 X

2 129 8 4 4 12 4 6

Total 9 4 7 13 5 6

Blank cells = 0%. x = channel not recorded.

5.3.5 Discussion

These data suggest that EEG characteristics ofeawad of infants depend upon
their age. In this small number of infants, thokkeothan 52 weeks PMA had
appreciable power within the frequency band 5-2@kizng anaesthesia and it
decreased as sevoflurane and isoflurane levelgasesd. There are insufficient data
to compare, in statistical terms, the recordingafall channels. Within the
limitations of this pilot however, some channelsyided better data than others.
Before infants first moved, interference from EM@iaty was uncommon and was
least in the occipital and temporal channels. Nixedess, in occipital and temporal

channels the power within the frequency band 5-2@vds least. If the EEG signal in
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this frequency band is important, these two chandiel not add more information

than the other channels.

Other authors have used central and frontal EE@raHa possibly because these are
more convenient than others (occipital electrodesaavkward for patients lying
supine; hair hinders the adhesion of parietal edeles). No data has been published
to support the preference of central and frontahciels over other channels in terms

of signal properties.

Unstimulated infants may take a long time to awa@mntaneously; too long to be
reasonable in the clinical scenario. Neither tivawi of surgical pain nor the
presence of a tracheal tube reliably stimulate awadg. Suctioning the pharynx or
moving the tracheal tube caused coughing and awakamd this may be because
tracheal tube is not stimulating until it is mowedhin the trachea.

Rather than use painful stimuli, it seems reas@ntbstimulate the infants with non-
painful stimuli to test whether or not they canrbesed. For this reason this pilot was

curtailed in favour of a developing a model of stiation in intubated infants.

5.3.6 Conclusions

* High power and a prominent frequency within thegeaof 5-20Hz is a feature
of the EEG in anaesthetised infants older than $2ViA.

o0 One minute before movement or awakening power wBh20Hz

decreases.
= Younger infants do not have this feature.

= |tis most obvious in frontal, central and centaniptal

channels.
» Unstimulated infants may take too long to awakesngmeously

o A stimulus should be applied to intubated infaotgetst the sequence
of behavioural changes that may be predicted bpgdsin EEG and
HRV.
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5.4 Assessment of awakening in stimulated intubated iahts

THESIS . \{\o/ashout of sevoflurane
THUMBNAIL T sevoturane (9

» Model of awakening » Awakening begins when

+» |« Behavioural PeSevoflurane < 0.5%
characteristics? * Tickling causes a sequence of:
Movement—» cardiorespiratory
changes— awakening.

5.4.1 Introduction and aims

When anaesthesia ceases an infant may not wakeswstlmulated. What stimulus
should be used? A stimulus causes arousal or aweketen it breaks throughe
sedative effect of the anaesthetic. Since the sedaffect is dependent upon
anaesthesia dose (or concentration at the effegt arousal from a defined stimulus
should occur at a threshold dose. The stimulusneid to be repeated in order to
identify the threshold.

A painful stimulus cannot be justified during reeoy from anaesthesia because it
could cause unnecessary distress. Even if a pahfaoulus was justified, such as
suction of the pharynx, it could only be appliead@nand only if clinically necessary.
Furthermore, the ideal stimulus should cause augdaavakening and not a sudden

and potentially distressing return to full consapess.

Which painless stimulus should be used? In se&ibmoise was not found to be a
sufficiently reliable stimulus of arousal duringaasthesia, but gentle stimulation of
the mouth or nose caused awakening infants whoatidouse to noise. In the survey
of opinions over 80% of the sample of anaestheatstsidered that skin stimulation

was a practical stimulus to use to test whethenfamt was rousable. This section
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determines whether skin stimulation is useful tovpke gradual arousal and

awakening from anaesthesia.

5.4.2 Objectives

To determine the reliability of skin stimulationeausing gradual arousal or
awakening
To observe the timing of behavioural changes dusiwgkening provoked by

skin stimulation

5.4.3 Methods

5.4.3.1 Subjects

Infants undergoing anaesthesia for painful surgesse recruited according to the

criteria described in section 4.1.

5.4.3.2 Anaesthesia

No premedication, either sedative or antimuscarinas used. Anaesthesia was both
induced and maintained by sevoflurane in oxygenaitie@inspired oxygen
concentration 40-50%). Routine monitoring inclughedse oximetry, ECG,
respiratory gas analysis and non-invasive bloodsunee and was applied as soon as
possible. In intravenous cannula was insertedharal or a foot after anaesthesia had
been induced. All infants had a tracheal tube teskeafter muscle relaxation with
atracurium (0.5-0.8 mg/kg). Ventilation thereaftexs controlled to maintain end-
tidal concentration between 3.5 and 5.5 kPa. Thgiied concentration of
sevoflurane was adjusted to maintain end-tidal entration considered to be
compatible with an adequate depth of anaesthes@ding to the clinical judgment
of the anaesthetist. Analgesia, including opiovwdste appropriate to the surgery and
were administered after induction and after iniE&G and HRV recordings were
made. After surgery the inspired concentrationeviflurane remained unchanged
from that used during surgery for at least one tein8evoflurane administration was

then stopped and the flow of fresh gas was inctetsat least 8 I/min. Mechanical
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ventilation was unchanged. Observations were madeecordings taken during the

washout of sevoflurane until a predefined time\are.

5.4.3.3 Painless skin stimulation

From ceasing sevoflurane until awakening, awakewniag provoked by two types of
stimuli. The sole of the foot was continuously k& with a 20g Abbocath
intravenous catheter. Stroking the foot was comsitléo be a “tickle” and irritating
but not painful or likely to cause distress. If theant had had a caudal extradural
local anaesthetic block, a hand was tickled insteadddition, once each minute, a
standard blood pressure measurement caused sionubgtits cuff inflation. The
cuff, placed on the arm, is automatically inflatech maximum pressure of
approximatelyl00mmHg. Each inflation lasts appratisty 30 to 40 seconds.
Ambient noise was unrestricted normal for an opegateatre environment (no load

noises).

5.4.3.4 Observations

Video recording provided a visual record and timrigll movements including
change in respiratory pattern. Times of the follogvevents were recorded:

Sevoflurane turned off (SO)

First movement of a limb (M1)

Awakening began (AB)

Full awakening (AW)

Trachea extubated
Awakening was defined as least 2 of the criteriscdbed in section 5.2.6. Beginning
of awakening was defined as one of the criteri@milesd in section 5.2.6. The end-
tidal sevoflurane concentrations@evoflurane) was recorded at least every minute
between 5 minutes before SO until extubation oftthehea. EEG and ECG were
recorded using the Grass Telefactor system desknibgection 4.3.4 and data from
these are presented in the following chapters.tifhiegs of the events are presented
in decimal minutes (e.g. 6.2 decimal minutes = 6utas and 2 epochs (1 epochs = 6

seconds)).
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5.4.4 Results

5.4.4.1 Demographic details

Parents of 35 infants were approached and twemtyertded to have their infants
studied. Their details are presented in Table A¢@. ranged from 39 to 77 weeks

PMA. Only one infant had been born preterm (32 \seggstation).

5.4.4.2 Reliability of skin stimulation

All infants except one moved the same limb that lgiag tickled before any other
movement or a change in heart rate. In the exasgitiofant there was a generalized
motor response that led to beginning of awakeniitlginvthe following epoch. From
visual observations made at the time of the reagrdilood pressure cuff inflation did

not appear to have a time relationship to awakening
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Table 5-9: Demographic details of infants arranigealge order

(Pgl\élsAtation) ID \(/}Ztg) G Operation Analgesia

39 (38) 28| 2.52| F | closure of gastroschisis Morphine

43 (32) 18| 3.9 M | lap inguinal hernia repai Fentany

45 (40) 25| 3.9 M | lap pyloromyotomy Fentanyl

46 (40) 22| 4.8 F | excision of sacral tumour  Fent&ghorphine
47 (40) 27| 4.8 M| lap pyloromyotomy Fentanyl

50 (40) 26| 4 M | lap inguinal hernia repaif Fentanyl

51 (40) 20| 5.2 F | cleftlip repair Fentanyl & mompéi
51 (40) 24| 4.6 M | cleft lip repair Fentanyl

51 (40) 23| 6.2 F | fashioning of rectum Morphine &dal
52 (40) 14| 45 F | cleftlip repair Morphine

53 (38) 19| 5.7 F | cleftlip repair Fentanyl

53 (38) 31| 5.3 M | cleft lip repair Fentanyl

53 (40) 29| 6.56| M| cleftlip repair Fentanyl

63 (40) 11| 7 M | cleft palate repair Fentanyl

65 (36) 12| 7.6 M | closure of colostomy Morphine

68 (40) 21| 84 | M| closure of colostomy Fentanyl &rptone
69 (40) 30| 7.3 M | cleft palate repair Fentanyl

73 (40) 32| 8 M | renal pyeloplasty Fentanyl

77 (40) 13| 7.8 M | closure of ileostomy Morphine &udal
77 (40) 15| 5.4 | F | lens capsulotomy Fentanyl

PMA and gestation are in weeks. G = gender. Albms were administered

intravenously.
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5.4.4.3 Summary of sequence of events during recovery

The times of events during recovery are represdntédble 5-10. A video was not
recorded from one infant and written recordingimiels was made
contemporaneously. There was a wide variation iakawning times however all
infants continued to remain asleep after SO féeadt 5 minutes. Movement was
always the first event. Four infants moved almosnediately on being tickled but
then took 7.5, 8.2, 10 and 14.5 minutes to therimegg of awakening. None of the
infants had a rapid transition between M1 and AW, tinfants took less than one
minute between AB and AW. The shortest time betw&®rand AW was 62 epochs
(6.2 decimal minutes), and the longest was 363tepdeigure 5-9 shows the variation
in the length of time taken to reach AB and AWaemia and that these times may have
been inversely related to age in infants youngan 6 w PMA (i.e. the youngest

infants took the longest to begin awakening).

5.4.4.4 \Washout of sevoflurane

The RSevoflurane during the events during recovery aesgnted in Table 5-11.
During the last stages of surgery until SO the nfég@evoflurane was 2.3% (range
1.5 to 3.5%). Figure 5-10 shows the decrease afkgane during washout. By 5
minutes after SO the meag3evoflurane was 0.5%. By 7 minutes the mean + SD
PeiSevoflurane was 0.5%. At AB meagJevoflurane was 0.3% (range 0.1 to 0.6%).

5.4.5 Discussion

Tickling the feet (or hands) of an infant in whoavsflurane is being washed out
appears to cause a similar sequence of arousalibehato that described in natural
sleep studies*? This sequence is almost always gradual so thas fhe motor
response to tickling before any other behaviowaidiac or respiratory change. There
was always at least one minute between the firsement and the beginning of
awakening. The washout of sevoflurane was measurédy 7 minutes after
sevoflurane had been turned off the mean +§8ekoflurane was 0.5%. The
PeiSevoflurane was greater than 0.5% at awakeningenrmfant only. The EEG and

HRYV characteristics under these conditions may hewnvestigated.
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Table 5-10: Event times after turning sevofluraffe o

PMA Movement Awakening | Awakening | Trachea
( weeks ) began began criteria met extubated
39 20.4 29.2 36.3 35.2
43 16.6 21.6 294 27.2
45 6.0 12.8 154 15.3
46 6.1 13.7 29.7 32.9
a7 11.2 16.6 18.2 17.4
50 19 11.7 19.3 17.3
51 0.0 13.9 14.5 18.5
51 3.8 6.3 8.5 9.4
51 10.0 11.2 11.6 12.9
52 0.3 10.3 10.9 12.8
53 5.5 6.0 6.2 8.4
53 0.4 11.8 16.8 17.1
53 4.0 6.0 6.6 7.3
63 X 7.5 8.3 10.0
65 11.8 16.4 16.4 16.9
68 11.8 16.4 19.1 19.3
69 4.6 9.7 114 11.2
73 11.9 15.8 15.8 16.3
77 2.3 5.2 15.0 X

77 0.0 8.2 8.8 8.9
mean 6.8 12.5 15.9 16.5
median 5.5 11.8 15.2 16.3
SD 5.9 5.9 8.0 7.8

All times are in decimal minutes. X = missing data
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Figure 5-9: Relationship between age and timingwaints during awakening from

anaesthesia

A. Scatter plot of time of beginning of awakenwegrsus age

minutes after sevoflurane turned off
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B: Cumulative bar chart of time of events
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Table 5-11: End-tidal concentrations of sevoflurane

PtID

PMA ( weeks )

Before sevoflurane

Before

turned off awakening began

28 39 1.€ 0.2t
18 43 3 0.1t
25 45 2.1t 0.2t
22 46 2 0.1
27 47 1.t 0.z
26 5C 2.2 0.4
2C 51 2.0t 0.2
24 51 2 0.2
23 51 2.2 0.2t
14 52 2.1 0.3t
18 53 3.1 0.4¢
31 53 1.9t 0.1t
29 53 1.6 0.2t
11 63 2.9t 0.€
12 65 2.8 0.2
21 68 1.7 0.2
3C 69 2.2 0.2t
32 73 2.5t 0.2
13 77 3.t 0.2
15 77 2.1 0.2

mear 2.2 0.3

median 2.1 0.2

SD 0.t 0.1

max 3.5 0.€

min 1.t 0.1
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Figure 5-10: Washout of sevoflurane

Mean (of all infants) end tidal sevoflurane befarel after sevoflurane was turned

off. Vertical bars represent SD.
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5.4.6 Conclusions

* In anintubated infant, in which sevoflurane isrggivashed out, tickling the

feet produces a progression of responses, begimithgnovement, then

cardiorespiratory changes and culminating in awadgen

* Awakening did not begin untildSevoflurane was approximately 0.5%
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6 Characterisation of EEG changes

THESIS THUMBNAIL

tickling

l Sevoflurane off AWe_ikeningl iAWake
begins

>52w | WWWWM
-V | PMA
b b

» EEG characteristics P5-20Hz >100u¥  P5-20Hz<100p\?
a | <B2w

PMA

P5-20Hz always <100 &V

6.1 Introduction and aims

Stimulation to provoke arousal and awakening caadbgeved by tickling the feet or
hands to produce a steady increase in behaviaspbnse culminating in arousal and
awakening. Behavioural criteria of awakening, egthbd by a consensus method in
section 5.1, could be used identify the times atlwboth awakening begins and is
achieved. The characteristics and changes in EEE&&6 HRV during awakening

can therefore be studied.

In the previous chapter, in section 5.3, a charatie of the EEG during awakening
was identified, in which infants over 52 weeks PK&d appreciable power in the
frequency range of 5-20 Hz during anaesthesia lzaidhis power diminished to a
low level at least one minute before arousal anakawing. In some of these infants
there was a prominent frequency between 5 and 26@uHrg anaesthesia (a
frequency that had more power in it than other@ahafrequencies). The main aims
of this section are to confirm that these findinggsscribed previously in unstimulated
infants, are present also in infants in whom awalgwas provoked by skin

stimulation.
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These findings, if consistent, may be associatéd saveral factors including the
combination of anaesthesia drugs themselves anefféhes of stimulation of the
nervous system by surgery. EEG data in anaesttetitants before surgery and
analgesia could be used for comparison. This caedudily achieved after induction
of anaesthesia and before surgery because airtigatapart from tracheal intubation

and venepuncture, there is no apparent painfuliimnon.

Once changes in the EEG, associated or coincidititgawakening, have occurred
can they be reversed by re-establishing anaesthiésia, such a finding would
support the association between the EEG chang&eaeldof anaesthesia rather than
the explanation that EEG change is related to puimle or circumstance. This was
reviewed by the ethical committee who decided teastablishing anaesthesia for 10
minutes did not add risk. It was acknowledged thatstablishing anaesthesia was

occasionally necessary for clinical reasons.

This chapter investigates EEG changes and Chapegrorts the HRV changes.

Except for details of signal processing, the meshiadboth chapters are the same.
6.2 Objectives

» To determine EEG characteristics during awakeniognfanaesthesia after

surgery.

* To compare EEG characteristics during awakenirgy aftrgery with those

during anaesthesia before surgery.

* To determine if EEG characteristics of awakening loa reversed when

anaesthesia is re-established.

6.3 Methods

6.3.1 Subjects

The subjects were those described in section %.4.4.
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6.3.2 Anaesthesia

Anaesthesia methods are presented in section&.4h3addition, and towards the end
of recruitment of this study, parents were asketbttsent to allow a minor change in
anaesthesia management. This change was thatmasewakening began, the
sevoflurane would be restored to the same level daeng surgery for a period of 10
minutes in order to observe if the EEG charactessif awakening could be

reversed.

6.3.3 Recordings before surgery

Study monitoringvas applied after tracheal intubation when thdioaascular and
respiratory states were considered to be stabl@ancquiring intervention.
Recording from the study monitoring began wheninifent had been anaesthetised
(PesSevoflurane > 2%) for at least 10 minutes. Two r@swf recordings were at
least 3 minutes after tracheal intubation. Theiragpy rate and §Sevoflurane were
recorded.

6.3.4 Recordings after surgery

The process described in section 5.4.3.3 was fekbvfter surgery had been
completed, and before anaesthesia was reduced, rstuatoring recordings were
restarted. Study monitoring continued until both ttacheal tube was removed and
for at least one minute after the infant had metdtiteria for being awake. Using
these times defined in the previous chapter, theviing sequences of digital EEG

and ECG data were created for further processing.

60 seconds before sevoflurane turned off (bSO)

60 seconds before awakening began (bAB)

From sevoflurane turned off (SO) until awakeningdre (AB)
If consent was given, as awakening began, sevokunas re-established by
maintaining expired concentration of 2% for 10 mt@su Thereafter sevoflurane was

discontinued and anaesthesia was managed accooditigical need.
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6.3.5 Study monitoring and recordings

The Grass-Telefactor “AURA 10-20” was used to manEEG (study monitoring —
see section 4.3.4). Four channels were recordedtie following electrodes: 2
frontal (F3 and F4) and 2 electrodes between theaeand parietal sites (CP3 and
CP4). These data were visually inspected withirdibplay facility of the Grass
Telefactor software for obvious interference artdfacts. One frontal and one centro-
parietal channel were chosen that had the leasféménce or lowest impedance.

Signal processing has been described in section 4.4
6.3.6 EEG - visual inspection

Plots of the signal in each epoch were createdclipwere excluded if, on visual
inspection, they had appreciable interference orlBBG signals as defined in section
4.4.3.1. The number of excluded epochs (and treorefor exclusion) was recorded.
The visual appearance of each signal was desdnltedms of the presence of the

following oscillatory and other potentially impontafeatures.

6.3.6.1 Oscillatory features

Oscillations were described by simple estimatesnglitude, frequency, continuity

and duration (adapted from those used by Zamptahdague¥).

Amplitude

LV (low-voltage) <50 pV

HV (high-voltage) >50 puVv

Frequency

Slow <3Hz

Fast > 7Hz

Continuity

Signals were continuous if they lasted at leastepuoxh
Duration

Number of epochs
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6.3.6.2 Other potentially important features

EEG transients and non-EEG signals were notedsasided in section 4.4.3.1.

Epochs with these features were excluded from kjgeaessing and analysis.

6.3.6.3 Signal processing and analysis

The remaining data were processed by a Matlab anogp create a matrix of powers
within single frequency bands. Power was estimaiedach epoch using the Welch

method (epoch = 6 seconds, Hanning window, windawgth 1 second, overlap 0.5).

6.3.6.4 Frequency resolution

Initially, the power spectrum was calculated fooems of 6 seconds using a window
length of one second. This enabled a visual disptdfie progression of spectra every
6 seconds and a frequency resolution within eaebtsgpm of one Hz. In such a
display frequencies of less than 0.5 Hz are reptedgan the zero Hz band and may
be mistaken for a direct current component. In otdénspect the power in the low
frequencies the power spectrum was estimated ®mnunute (rather than 6 seconds)
using a 5 second window enabling a frequency résaolwf 0.2 Hz; any power in the
zero Hz band (the direct component) would therefepgesent power in frequencies
less than 0.1Hz.

To summarise, two estimates of power density spectwere used.
1. Frequency resolution one Hzd{fEHz)

range 1-70 Hz
epoch length 6 seconds

window length one second
2. Frequency resolution 0.2 Hz{P.2 Hz)

range 1-20 Hz
period length 60 seconds

window length 5 seconds
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6.3.6.5 Power spectrum array

Three dimensional plots (arrays) of power spectdemsity (F.sl Hz) against time
with axes representing frequency, power densitytane were created for visual

inspection.

6.3.6.6 Frequency bands

Data (FesLlHz) were further analysed to calculate total powihin the following
frequency bands: 1-28, 1, 2-4, 5-8, 9-12, 13-1620,721-24, 25-28 and 5-20Hz (P5-
20Hz). The mean powers for a specified 10 epociogevere calculated. The mean,
median and SD of the mean band power for all isfardre then calculated. The
mean band powers at bSO were compared with theBut Graphs were plotted to
show the change within these power bands over tmeher comparisons were made
between band powers at specific times chosen @tesideration of change in band

power over time.

6.3.6.7 Prominent frequencies

The following were calculated using:& Hz for each epoch from the beginning of
bSO until AB.

prominent frequency (defined as the single frequdrand with the highest
power within a specified frequency range)

power of prominent frequency

background power (defined as the mean power wittersurrounding
frequencies (not including the power of the promirfeequency)).

ratio of the prominent frequency power to the baclkigd power

These variables were calculated for each infantpoesent the EEG characteristics
during bSO and during the period SO until AB towhbe progression of the

prominent frequency.

6.3.7 Data analysis and statistical methods

Mean band power during bSO in frontal and centnoepal channels were compared
first by estimating the difference in total pow&equency range 1-28Hz) and then by
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the difference between smaller constituent bandepewl he differences between
mean band power at (1) bSO and bAB, and (2) besfiargery and bSO were
compared similarly. Histograms and Normal plotsevexamined to check that data
was normally distributed and to check for outliétarametric statistical tests were
used if the mean, median and SD were similar. Baklogl10 transformed if

necessary. Differences between means were suppiyt@s% confidence intervals.

Where differences between bSO and bAB were apfnleciar any variable, the
variable was calculated for each epoch from bS® emd of recording and plotted to
identify any trend of change over the time. Initialescriptive statistics and plots of
all patients were grouped together. If there weldewanges or obvious differences,
groups of infants were identified and describechsately. Logistic regression was
used on selected variables to test and measues#oeiation between variables.
Regression (with confidence intervals) was usedéasure the trend over time. The

time taken to achieve a chosen critical level edaable was estimated.

In previous work in this project, the power withire frequency band 5-20Hz (P5-
20Hz) was appreciable in infants older than 52 wd&dA and this power decreased
as sevoflurane was washed out and before awakbeopn. If this feature is robust
enough to be considered as a warning sign of impgralvakening, the P5-20Hz
would need to change by at least 1.5 SDs from éisellme mean value. In order to
determine this change, 10 infants would need tstbdied to have a 90% power of
determining the difference at 5% level of significa if such a change truly occurs.
The estimation of the number of infants needednio & change of 1 or 2 SDs (with

the same power and significance) is 22 and 6 réspéc

6.4 Results

6.4.1 Recruitment

Twenty infants were recruited to have awakenindistl; 10 were older and 10 were
younger than 52 weeks PMA. Parents from 3 infasevapproached and asked to

consider allowing a minor change in anaesthesiaagement. All refused, but agreed

Page 135



to consent for the EEG characteristics to be resmbdiiring awakening. These infants

are included in the 20 described above.

6.4.2 Visual appearance of unprocessed signals

6.4.2.1 General comments

In each infant, the amplitudes of the pre-awakesiggals were obviously higher in
the centro-parietal channels than in the frontainciels and therefore the visual
characteristics of only the centro-parietal sigras described. This is supported by
the comparisons of signal power (shown below itiee®.4.3.2). The signal from

each patient usually had two easily distinguishaleleods:

almost artefact free EEG activity before awakeragan, and

artefact ridden activity associated with movemantrey awakening.

The change from one period to the other was oftenpt and related to the beginning
of awakening. The identification of the beginnirfgaavakening was dependent upon
whether the behavioural changes themselves weleuwband upon observer error
and consequently appreciable error was possibketiftiing of the beginning of
awakening was much easier to see from the GTFajisnit, for the purposes of
analysis the beginning of awakening was identiéiedording to the epoch in which it
was first identified. For these reasons the tinthgwakening may be no more

precise than +/- one epoch (6 seconds).

6.4.2.2 Before awakening began

Before awakening had begun the signals were usfraltyof non-EEG artefacts and
had steady baselines. Once awakening had begurvaothere were large changes
in the baseline, bursts of EMG activity and nongblpgical artefacts. Section
6.4.3.1 presents a summary of the epochs of EE&edatuded because of non-EEG

interference.

The visual characteristics of 60 seconds of cepémetal signal from each patient
before sevoflurane was turned off are displayeéFigure 6-1 and demonstrate the
steadiness (or otherwise) of the signals; a saofpd@e 6 second epoch is shown for
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more detail. Table 6-1 lists and summarises themkes oscillations (in terms of their
frequency, regularity and amplitude) until awakenloegan. In summary, the pre-
awakening signals had a continuous low frequenciflagon of 0.5-2 Hz in all

infants and the signal amplitude varied from 25-u80 In some infants the peaks
and troughs of these low frequency signals werepstesembling regular accidentals
rather than smooth oscillations. In respect of éighequencies there were two
apparent patterns or trends that could be sepaogtade. The youngest infants had
low amplitude signals whereas the oldest infantsdpreciable amplitude in mixed
frequencies between 3 and 20 Hz. In the older tsftire appreciable amplitude
pattern was prominent during anaesthesia but clobaiger sevoflurane was turned
off. The amplitude gradually and steadily decreas#d awakening began. In the
youngest infants signal amplitude remained below80As the age of infants

increased there was a tendency for the amplitudieeogignals to increase.
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Figure 6-1: Raw EEG signal in each patient duangesthesia after surgery

One minute and a 6 second sample of raw centretphohannel EEG just before

sevoflurane had been turned off. Amplitude limits &/- 100 pV.
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Table 6-1: Visual appearance of EEG signals bedarakening began

PMA LV HY T_ranS|ents & other
(ID) signals
Signals are continuous and throughout unless stdteatwise
<10pV&discontinuous swings in baseline
39 (28) _ . none related to
25uV:15Hz at 20 min breathing
<10pV: <0.5Hz &10-
15HL; 75-100uV: 5Hz 30uV bursts: 4Hz,
43 (18) _ appearing after burstsevery 6s, merging
25-30pV: 4-5Hz, = have merged (see Figure 6-3 &
merging of bursts — Ei 6-4
become HV igure 6-4)
45 (25) | <10pV: 20Hz 75-100pVE0.5-1Hz |\ one
46 (22) <10pV: 20Hz 50-75uV: 1Hz None
47 (27) | <10pV: 12-15Hz 50-75uV: 1Hz None
50 (26) <5uV: 20Hz 75-100uV: 1Hz None
15-50uV: 14Hz, ) e
20 (51) | increasing to 20Hz S0-75UV: 0.5-1Hz None
) 100uV: baseline
51 (24) <10pV:15Hz 50uV: 1-2Hz swings every 4-6 seq
settling after 6 min
51 (23) | <1OMV: 12Hz 50-100uV: 1-2Hz | None
<20uV: 15Hz, 50-75uV: 1-2Hz,
52 (14) | amplitude] amplitude| thent | None

before awakening
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53 (19) 50-200pV: 1-2Hz,
<20pV: 15Hz _ None
amplitude|
I <20pV: 18Hz, 50-100uV: 1-2Hz, |\
amplitude] amplitude|
25-50uV: 15Hz, 50-100uV: 1-2Hz,
53 (29) . . None
amplitude| amplitude|
T <50uV: 20Hz, 100pV: 2-3Hz, N
one
amplitude| amplitude|
<50uV: saw tooth
65 (12) <20HV 20Hz, 50‘100HV 12Hz, waves, 5Hz, |asting
amplitude] amplitude] <2s, 5-6 min before
awakening began
65 (21) <20pV: 15Hz, 50uV: 1Hz, N
one
amplitude| amplitude|
69 (30) <20pV: 18Hz, 50-100pV: 1-2Hz, N
one
amplitude| amplitude|
73(32) <20pV: 18Hz, 50-100uV: 1-2Hz, | spikes (200uV)
amplitude| amplitude| appearing at 10 min)
743) <25uV: 17Hz, 100-150 pV: 1Hz, N
one
amplitude| amplitude|
7.15) <50uV: 17Hz, 100-150puV: 1-2Hz, N
one
amplitude] amplitude|
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6.4.2.2.1 Infants younger than 52 w

In the youngest patient in the series (patient @8p was 39 weeks PMA, the EEG
signal was limited to a low amplitude < 10 pV olstibn of 10-15 Hz. A regular
change in baseline of occurring approximately eesgconds appeared after 6
minutes and was probably related to spontaneowshing (Figure 6-2). In the next
youngest patient in the series (patient 18), whe #&aweeks PMA, there was a
background low amplitude < 10 pV oscillation of 18-Hz with bursts of higher
amplitude activity of approximately 25-30 pV an® 4z (Figure 6-3). These bursts
occurred approximately every 5-10 seconds and becaane frequent, eventually
merging to become continuous. Towards awakenin@itigitude increased and
there were periods of changing frequency and aug#i{Figure 6-4). Patient 22 (who
was 46 weeks PMA) had a similar pattern. Figuresh®vys samples of EEG that
were typical in Patients 20, 24 and 23 who werealdggween 46 and 52 weeks PMA.
All had features of continuous low amplitude backgrd and higher amplitude low
frequency oscillations. Their EEGs did not changerd) the period before

awakening began.

Figure 6-2: Regular change in baseline EEG am@iagsociated with respiration.
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Figure 6-3: EEG showing LV background and HV budkieng anaesthesia

Features in recording from Pt 18 soon after sevaifie turned off.
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Figure 6-4: EEG frequency and amplitude changesrbefwakening began
Features in recording from Pt 18 one minute bedwrakening began:

A: Bursts merge and become a continuous oscillatio
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Figure 6-5: Typical EEG combination of low amplieuthst oscillation with higher

amplitude slow oscillation during anaesthesia pa8ents < 52 weeks old PMA

Pt 20 Pt 24 Pt 23

200

100 i |
100 WWWW %M

-200

amplitude(microvolts)
o

0 2 4 6
seconds

6.4.2.2.2 Infants older than 52 w

Patients 14, 19, 11, 21, 13 and 15 had similaepatconsisting of continuous
background low amplitude fast oscillation (< 5020,Hz) and slow higher
amplitude oscillations (50-150uV, 1-3Hz) that grakljudecreased in amplitude
before awakening. Samples of typical epochs agdadied in Figure 6-6. Patient 12,
who was 65 weeks PMA, was unusual in that the migh®plitude oscillation was
faster (12 Hz) and that bursts of low amplitudeltzon of 5 Hz became obvious
approximately 3 minutes before awakening (see Eigdr). Signals from 2 infants
older than 52 weeks PMA (13 and 21) have beenteelend displayed in Figure 6-8
and to show the progression of amplitude (in theetdomain) and frequency (in the
frequency domain) over time starting from when $lewane was turned off until just
after awakening had begun. In both patients jitst aevoflurane was turned off
there was an obvious frequency that had more amdplithan in the surrounding
frequencies. The amplitude in this frequency tertdatdkecrease before awakening

began.
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Figure 6-6: Typical EEG combinations fast and stmwillation during anaesthesia

Examples from three patients older than 52 weeké PM

Pt 21 Pt 13 Pt 15
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Figure 6-7: Patient 12. Changing EEG amplitude @ieiccpoch) approximately three

minutes before awakening began
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Figure 6-8: Typical original EEG signals showingnobe in amplitude over time

Grass Telefactor signals from an infant older thanveeks PMA (Pt ID 21, age 68
weeks PMA).

A: EEG recording from two channels (Fz and CP3)ti¢al lines mark events SO
(sevoflurane off), AB (awakening began) Time diflece between T1 and T2 equals

approximately 6 minutes.

CP3

L T ——

SO «— 5 minutes — T1 T2 «— 5 minutes — AB

B: Same signal in more detail (vertical lines graced every one second).
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Grass Telefactor signals from another infant (ID[d@e 77 weeks PMA)).

A: EEG recordings from two channels (Fz and CP4)ti¢al lines mark the times

when sevoflurane was turned off at SO and awakdmeggn at AB (time between SO

and AB was approximately 5 minutes)

.Fz

CP4

SO

B: Same signal in more detail (vertical lines graced every one second)
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6.4.2.3 During awakening

Table 6-2 lists the EEG features that occur clogbe time that awakening began.
There was an obvious change in the EEG in onlyZ0ahfants and this did not show
any obvious relationship to age. There were comynlange changes in baseline of
100-200 pV and these may represent movement art&¥ere movement related to
awakening was vigorous there were obvious changesdi in infants who were slow
to rouse Figure 6-9.

Figure 6-9: Two examples of EEG changes relateébddeginning of awakening.

Obvious change in baseline and appearance of ENI@Gtaan patient 11

<10 seconds
Time (seconds)

Change in baseline before awakening began in pétien

100

A
| awakening began 7

«10 seconds»

Time (seconds)
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Table 6-2: Change of EEG signals near to beginafrayvakening.

PMA (ID) Description Timing related to beginning of awakenig
39 (28) Shift in baseline (100uV) Same epoch

43 (18) Shift in baseline (100uV) Same epoch

45 (25) Shift in baseline (200uV) 16 epochs later

46 (22) Shift in baseline (100uV) 160 epochs later

47 (27) Shift in baseline (100uV) Same epoch

50 (26) Shift in baseline (>500uV) 28 epochs later

20 (51) Minor shift in baseline Same epoch

51 (24) Non-physiological spike Same epoch — shift in base? epochs later
51 (23) EMG and minor shifts in baseling EMG appears oreelefbefore

52 (14) EMG and shifts in baseline 17 epochs later

53 (19) minor spike-like shifts in baseling 19 epochs later

53 (31) EMG and shifts in baseline Same epoch

53 (29) EMG and shifts in baseline 5 epochs later

63 (11) EMG and shifts in baseline Same epoch (see Fig®e 6

65 (12) EMG and shifts in baseline 2 epochs later

68 (21) shifts in baseline 5 epochs before (see Figure 6-9)
69 (30) shifts in baseline 1 epochs before

73 (32) EMG and shifts in baseline Same epoch

77 (13) EMG and shifts in baseline Same epoch

77 (15) EMG and shifts in baseline Same epoch

Page 152




6.4.2.4 Before surgery

Inspection of raw EEG showed that signals were strabways steady with few
accidentals, transients or non-physiological imexhce (only one patient had 3
exclusions in the samples). There were no recosdim@atients 15, 22, 28 and 32

because of clinical time constraints.

6.4.3 Power spectra during anaesthesia

6.4.3.1 Excluded epochs and sequences

Table 6-3 presents the number of excluded epodasded from the centro-parietal
channel in signals recorded after surgery. Manyenepochs after awakening had
begun had shifts in baseline signal and EMG attéiad therefore interpretation of
the EEG at these times was uncertain. Consequitetfiyequency domain has not
been analyzed in the signals after awakening béganfollowing results are from

EEG sequences before awakening began.

6.4.3.2 Comparison of frontal and centro-parietal channels

The mean powers of all patients in selected frequéands in both frontal and
centro-parietal channels are presented in Tablagd4hese data show that the
differences between the channel band powers weneanmally distributed (the
means and medians were appreciably different).méan band powers were log
transformed and the differences are presentedble 5. These data show that the
total power and the band powers were approximdtéiiyes greater in the centro-
parietal than in frontal channel and that the mummB5% confidence interval of the

geometric mean was 2.1.
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Table 6-3: Epochs excluded from EEG analysis

Before awakening First minute after awakening bega
PMA (ID) Total Number excluded Number excluded
39 (28) 304 2 6
43 (18) 217 Nil Nil
45 (25) 128 Nil Nil
46 (22) 138 Nil Nil
47 (27) 165 Nil Nil
50 (26) 115 Nil Nil
20 (51) 140 Nil 5
S1@) 63 | pacineenity |
51 (23) 113 2 (EMG) 10
52 (14) 104 Nil 3
53 (19) 61 Nil 1
53 (31) 118 Nil 4
53 (29) 73 Nil 3
63 (11) 74 Nil 4
65 (12) 165 Nil 3
68 (21) 145 Nil 1
69 (30) 109 Nil 3
73 (32) 147 Nil 10
77 (13) 51 1 (baseline shift*) 10
77 (15) 82 3 (spikes), 1 (baseline 10

shift*)

(* = epochs immediately before awakening began)
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Table 6-4: Comparison of mean centro-parietal amatél EEG band power before

sevoflurane was turned off.

Frequency | Mean CP Mean F Mean Median SD of
band (Hz) power power difference | difference | differences
1to 28 5661.6 5112.5 549.1 527.9 1497.y
2t04 231.80 85.55 146.25 101.97 152.95
5to 8 74.12 39.82 34.30 21.60 33.40
9to 12 60.15 28.31 31.85 21.76 27.39
13to 16 40.00 13.66 26.34 19.55 24.09
17 to 20 24.75 8.00 16.75 7.40 20.37
21to 24 11.85 3.63 8.23 3.92 10.24
251to0 28 6.11 1.88 4.23 1.73 5.39

Table 6-5: Comparison of log10 mean centro-paretal frontal EEG band power
before sevoflurane was turned off.

Frequency| Mean Median SD of Geometric| CI of geometric
band (Hz) | difference | difference | differences| mean mean
1to 28 0.64 0.71 0.45 4.33 21t08.91
2t04 0.61 0.67 0.35 4.06 2.79105.89
5to 8 0.57 0.59 0.28 3.70 2.7410 4.99
9to 12 0.62 0.62 0.32 4.14 2.9510 5.83
13to0 16 0.70 0.67 0.33 4.96 3.47 1o 7.08
17 to 20 0.68 0.70 0.31 4.78 3.43 10 6.68
21to 24 0.66 0.66 0.22 4.56 3.59105.78
25to0 28 0.57 0.60 0.21 3.71 2.95104.67
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6.4.3.3 Power distribution across the frequency range

Inspection of the power spectra at any time pestoalved that in almost all cases
most of the power was within low frequency bandsglthan 4 Hz). The power
density in frequencies faster than 30 Hz was aMessthan 5 p¥/Hz and was
almost always less than 1 ffMz. In frequencies between 20 and 30 Hz only Gobut
20 infants (ID 11, 21, 30, 32, 13, 15) had powererthan 5 p¥centred on any
frequency. Consequently only the powers within fiestcies less than 20 Hz have
been analysed and presented.

6.4.3.4 During anaesthesia, after surgery

Close inspection of the power density spectra ohegoch during the 60 seconds
before anaesthesia was turned off showed thattstanuld be divided into two
groups: those who had appreciable power in thauegy range 5-20 Hz (P5-20Hz),
and those who did not. Figure 6-10 shows the pal®asity spectra for each patient
arranged in age order and shows that P5-20Hz appehle highest in the oldest

infants.

Almost all PSDs had high power in the first andosetfrequency bands (centred on
zero and one Hz) which could be related to diractent or artefact trend components
of the signal. For this reason signals were furtmalysed with a longer window of 5
seconds to obtain narrower band power of 0.2 Hzimatmost each case, power in
the zero and 0.2 Hz frequency bands was closertopreving that any DC

component was negligible. An example is presentdéigure 6-11.
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Figure 6-10: EEG power spectral density before #erame turned off

Power spectral density from each infant calculatgd frequency resolution of 1 Hz.

Each graph has mean (solid line) and median (d&tieflwith SD error bars of the

power density of 10 epochs (one minute) before fhename was turned off. The

graphs are arranged in ascending order of infami{(RlIA, w = weeks, (Pt ID)). All

graphs have x axis scale 1-20 Hz and y axis scalel00 p\#/Hz.

39w (20)

43w (18)

45w (25)

46w (22)

47w (27)

100]

uvVHz

50

100

100

20

50w (26)

51w (20)

51w (24)

51w (23)

52w (14)

100

100

100

100

10 15 20

100

10 15 20

Page 157



100

53w (19) | ° 68w (21)

100 g

53w (31) | ° 69w (30)

100

53w (29) | ° 73w (32)

100

63w (11) |~ 77w (13)

100

77w (15)
65w (12) |~

Page 158



Figure 6-11: Effect of low and high frequency regimn on EEG PSD
PSDs of same EEG sample showing apparent DC irireyuency resolution PSD

A: Mean power density spectrum of 10 epochs eastinta6 second (vertical lines
are SDs).

B: Power density spectrum estimated from one pdasting 60 seconds showing

much reduced DC component.
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6.4.3.5 During anaesthesia before surgery and opioid

There were few obvious differences between powectsp before and after surgery
except in patients 12, 13 and 21 who did not haeenment power in the 5-20 Hz
frequency range before surgery. The mean total powtbe frequency range 5-20 Hz
of all patients (irrespective of age) before suygeas 154 u¥compared with 146
1V? after surgery. Log transformation reduced theediffice between the means and
medians although the SDs remained large. The geiematan differences for the
wide frequency bands are presented in Table 6-&hod that the power in the
frequencies less than 8 Hz were 2 to 3 times high#are surgery than after surgery.
However, the powers in higher frequencies andebt20Hz range were not
statistically different (geometric mean differerfioeband power in 5-20 Hz range
was 1.03, 95% CI1 0.3 to 3.7). The mean differencenid-tidal concentration of
sevoflurane between these periods was 0.04% (medd&y SD 0.63, range -1.5 to
1.35).
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Table 6-6: Change in mean EEG band power foeforeto after surgery

Raw band power (distribution in all infants)

Hz

mean median SD

1to 20 955.09 592.45 996.17

1 657.39 473.19 788.24
2to4 290.25 130.06 354.76
5to8 26.28 12.27 58.35
9to 12 -2.91 2.58 18.66
131t0 16 -10.12 -3.98 15.15
17 to0 20 -5.80 0.00 10.94
5to 20 7.46 10.93 55.50
Log10

Hz mean median SD

1to 20 0.88 0.84 0.84

1 0.50 0.42 0.43
2to 4 0.37 0.36 0.36
5to8 0.18 0.18 0.20
9to 12 0.02 0.05 0.18
13to0 16 -0.10 -0.06 0.24
17 to0 20 -0.09 -0.04 0.31
5to 20 0.01 0.14 0.70
Geometric mean

Hz mean low CI high ClI
1to 20 2.28 1.63 3.18

1 3.16 1.88 5.33
2to 4 2.34 1.51 3.64
5to8 1.50 1.17 191
9to 12 1.06 0.85 1.31
13t0 16 0.80 0.59 1.08
17 to 20 0.82 0.56 1.20
5to 20 1.03 0.29 3.67
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6.4.3.6 Potential factors influencing P5-20Hz

The potential association between mean P5-20H&ageads apparent from the PSDs
in Figure 6-10. Furthermore the scatter plot inuFéy6-12 shows that not only may
there be an association between age and band poivalso that power of
approximately 100 p¥/separates infants younger and older than 52 wekls. The
association was tested using regression analydis@melation values were higher for
linear rather than logarithmic or exponential ctatiens (R values were 0.712, 0.707

and 0.699 respectively).

Figure 6-12: Scatter plot of age (PMA (weeks)) usrEEG P5-20Hz

P5-20Hz = mean band power (5-20Hz) during 10 seepleapochs during steady

sevoflurane anaesthesia both before and afterrsurge
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Table 6-7: Correlation between EEG P5-20Hz andrgib&entially important factors

PMA | Wt P5to20Hz | Length of | Time to P.Sevoflurane
surgery awakening
815 |.844 -.023 _424 355
PMA
.000 | .000 925 063 125
815 627 117 -.387 320
Wit
.000 .003 623 .092 169
844 | 627 -.106 -.309 219
P5-20Hz
000 |.003 657 185 353
Length of 023 | 117 | -.106 -.530 .007
surgery 925 | 623 | .657 016 977
Time to 424 | -387 | -.309 -530 -.247
awakening 063 | .092 | .185 016 294
355 | .320 | .219 .007 _.247
P«Sevoflurane
125 | 169 | .353 977 294

R = Pearson Correlation. Cp calculated only witki2Bblz during bSO (i.e. only

one value per infant). P was calculated with Zethgignificance tests. P values

<0.01 are highlighted in grey.
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Other potentially important and influential factonsly account for any apparent
association and the following additional potenpigdictive factors were chosen to be

examined by scattergraphs and correlation tests:

Body weight
Length of operation
Time taken to awaken

P.Sevoflurane (before being turned off)

The strongest association was between EEG poweaga@lable 6-7). There were
no major differences between the parametric andpamametric correlations and both
suggest a positive association between P5-20Hzhwith weight and age (Table 6-8).
The additional predictive effects of other factare presented in Table 6-9 and show
that additional factors did not appreciably improlre predictive association of PMA.
A plot of the residuals of the linear regressiordeishowed a spread of residuals
above and below the zero line but that this distidm was obviously wider in the

older infants.

The effect of gender on P5-20Hz was analysed furtfigure 6-13 shows that female
infants (n = 7) tended to be smaller and youngan tihales. Table 6-10 shows that
gender had minimal effect on the predictive vaealdxcept for body weight; this
factor tended toward significant difference (p 88).but this may have been caused
by one female infant who was the smallest in tmepde; the non-parametric test did

not find a significant difference.
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Table 6-8: Summary of univariate linear correlatboefficients between EEG P5-

20Hz and independent factors

Independent variables

Pearson (p-value)

Spearman {galue)

PMA 0.844 (<0.001) 0.941 (<0.001)
Body weight 0.627 (0.003) 0.802 (<0.001)
PeSEVO 0.219 (0.353) 0.349 (0.132)

Length of surgery

-0.106 (0.657)

0.099 (0.677)

Time taken to awaken

-0.309 (0.185)

-0.441 (0.052)

Table 6-9: Pearson correlation coefficients foeefffof additional predictor variables
on EEG P5-20Hz and the effect of adding a singdeliptor variable

R R? Adjusted R?
PMA alone 0.844 0.712 0.696
Additional predictor variable
wt 0.85 0.723 0.691
P.sSevo 0.848 0.719 0.686
Time to begin to awaken 0.846 0.715 0.681
Surgical time 0.848 0.72 0.687
Gender 0.847 0.718 0.685
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Table 6-10: Effect of gender on predictive factors

) P (Mann-
Gender | Mean | SD Mean diff| P (t test)* .
Whitney)
M 58.2 11.4 5.5 332 .382
PMA (weeks)
F 52.7 11.8
M 6.1 1.7 1.2 .088 234
Wt (KQg)
F 4.9 1.2
EEG P5-20Hz | M 168.9 | 1443 | 39.1 .639 .285
(HV?) F 129.7 | 185.8
Surgical time | M 137 64.4 -11.4 .624 .405
(minutes) F 148 38.1
Time to begin | M 12.1 51 -1.1 743 .905
to awaken
(minutes) F 13.2 7.6
P.Sevo M 2.3 .6 A .646 .843
(%) F 2.2 4

* Equal variances were not assumed (the variarardgl fand F body weight were

appreciably different (F = 5.340, P =.033)).
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Figure 6-13: Distribution of body weight and ageading to gender
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6.4.4 Power spectra changes after sevoflurane turned off

6.4.4.1 Power spectral array

Two trends of progression of the power spectra eetwturning sevoflurane off and
the beginning of awakening were observed. In idfamtder 52 weeks PMA the
distribution of power in the 5-20 Hz range did obange appreciably. In older infants
however there was obvious power within the frequeaage of 5-20 Hz for several
minutes after sevoflurane had been turned off wthieln diminished at least one
minute before awakening began. Figure 6-14 showshlnge in raw signal and
power spectrum in these two time periods. Exampiéise progression of power

spectra over time (power spectral array) are dysgglan Figure 6-15.
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Figure 6-14: Sequential epochs of raw EEG and pawectral density (Fres1Hz) in

an infant with appreciable power in the frequeraryge 5 to 20 Hz.

(A) the first 5 epochs after sevoflurane turnedaosftl, (B) the last 5 epochs before
awakening began. Below each EEG plot is the popectsum density (* mark any
peaks). Amplitude units are pV and power densiitstare u\/Hz.
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Figure 6-15: Examples of EEG power spectral arnaysur infants

Each graph shows the progression of the EEG povestia (Fres1Hz) every 6
seconds from when sevoflurane was turned off amtdkening began. Arrows mark
the time of events: A = sevoflurane turned off, Brst movement, C = awakening
began, D tracheal extubation. The graphs are kdbe@lith the age and ID number of

the infant.
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6.4.4.2 Power within selected frequency bands

Table 6-11 shows the change in power within fregydrands for infants younger
and older than 52 weeks between anaesthesia drukjose awakening. Despite the
wide confidence intervals there was a much largerehse in power in infants older
than 52 weeks PMA. Analysis of regression coeffitsevas chosen to compare the
change in band power over time. The graphs belogu(€ 6-16 and Figure 6-17)
demonstrate an obvious difference in progressidmaofl power over time between
infants younger and older than 52 weeks PMA. Tlaglgs show the power on a

logarithmic scale for ease of presentation.

6.4.4.2.1 Infants less than 52 weeks PMA

The total power within the frequency range 5-20tétmled to remain less than 100
1V? and tended to decline before awakening began. Pwithkin the frequency band
2-4 Hz varied between 20 and 20038nd also tended to decrease before awakening

except for the two youngest infants (aged 39 anddéks PMA).

6.4.4.2.2 Infants older than 52 weeks PMA

The power in the frequency bands 2-4 and 5-20 Hredsed before awakening
began. In Figure 6-17 the P5-20Hz the semi-log @lgigests that there is a log-linear
reduction in power with time. Expansion of the ademonstrates that by 60 epochs
(10 minutes) after sevoflurane had been turnedrodfure 6-18). P5-20Hz had
reduced to less than 10 fiM all but 2 infants. Sevoflurane had decreasddgs than

0.5% in all infants by this time.
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Table 6-11: Difference in mean EEG band power bebtnauring anaesthesia and

before awakening began

Hz Mean (pV) Median (uV?) | Lower CI Upper ClI
1to 28 -477.63 -252.29 -723.83 -231.42
1 -198.35 -126.87 -334.17 -62.53
2to 4 -87.26 -59.18 -215.56 41.03
5to08 -52.48 -18.07 -95.49 -9.48
All patients 9to 12 -54.32 -24.29 -86.28 -22.35
13to 16 -36.22 -14.63 -54.92 -17.52
17 to 20 -20.40 -4.37 -34.49 -6.31
211024 -8.51 -1.75 -14.19 -2.83
2510 28 -3.44 -0.62 -5.84 -1.04
5to0 20 -154.94 -73.98 -250.13 -59.75
1 -206.20 -151.31 -423.79 11.39
2to 4 34.78 -23.12 -122.91 192.48
5to 8 -12.44 -9.43 -21.99 -2.89
9to 12 -9.19 -4.87 -15.71 -2.67
<52w 13to 16 -4.80 -2.20 -8.56 -1.04
17 to 20 -1.47 -0.90 -2.56 -0.38
2110 24 -0.43 -0.21 -0.84 -0.03
2510 28 -0.08 -0.01 -0.22 0.06
510 20 -27.26 -18.44 -46.34 -8.17
1 -155.62 -57.52 -357.21 45.98
2to 4 -122.47 -65.92 -254.44 9.50
5t08 -51.82 -50.28 -89.64 -13.99
9to 12 -70.07 -71.40 -103.82 -36.31
>52w 13to 16 -54.35 -47.71 -80.28 -28.42
17 to 20 -31.33 -28.04 -55.08 -1.57
211024 -12.23 -10.26 -20.11 -4.36
2510 28 -4.70 -5.13 -7.37 -2.02
5to0 20 -191.94 -130.38 -281.39 -102.49
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Figure 6-16: Progression of EEG power in two freguyebands (2-4 Hz and 5-20 Hz)
in each infant younger than 52 weeks PMA

Power units are u3(NB: scale is logarithmic). Epoch length = 6 setmn
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Figure 6-17: Progression of EEG power in two freguyebands (2-4 Hz and 5-20 Hz)
in each infant older than 52 weeks PMA

Power units are u3(NB: scale is logarithmic). Epoch length = 6 setmn
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Figure 6-18: Progression of EEG band power in $420n each infant older than 52
weeks PMA

Power units are L3(NB: scale is logarithmic). Epoch length = 6 setmn
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6.4.4.2.3 Statistical comparisons

The statistical differences between band powermdanaesthesia and before
awakening are shown in Table 6-11; the upper cenfid intervals for P5-20Hz
differences are larger and furthest from zero dmpst all other frequency bands.
The correlation and regression coefficients fanadr model of the change in log10
power over the first 5 minutes (50 epochs) wereutated for each infant and are
presented in Table 6-12. This limited time sequemas chosen because one infant
began awakening by 5.2 minutes. All except onenint®2 weeks PMA had R values
greater than 0.7. All but 2 infants >52 weeks PNl Imegative gradients greater than
0.01. The mean gradient was -0.012 in older infamtigh, taking the antilog, is the
equivalent of a decrease by approximately 1.0320(8i7.3% of the previous value)
for each epoch; for each 10 or 50 epochs the pbagreduced to 75.9% and 25.8%
respectively of the original value. The mean gratdie younger infants was -0.006
(compared to older infants by unpaired t test,jpG86). Data in Table 6-13 suggests
that the log10 P5-20Hz is normally distributed. Téxg power at three periods in the
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two groups were analysed by two way ANOVA. The kesw period ratio of
variances was 6.92 which for 2 degrees of freedasnahP value of 0.03. Post hoc
paired t tests compared the change in power fro® 0 min and bAB found P
value less than 0.05 in both comparisons in boéhgrgups (Table 6-14). The
difference in power was appreciably greater indlaer than the younger infants at
both 5 minutes and just before awakening begathdmlder infants the power
reduced by factors of 3.9 and 5.9 at 5 minutesjastcbefore awakening began
respectively.
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Table 6-12: Correlation and regression coefficiéots3ogl0 EEG P5-20Hz v time.

Correlation Regression

ID | R R | AdjR? | SE B | SE | p Lower C| Upper ClI

28 0.204| 0.042| 0.022| 0.180| -0.003| 0.00Z 0.155 -0.006 0.001

18 | 0.007| <0.01| -0.021| 0.197| <0.001| 0.002| 0.961 -0.004 0.004

25]0.573| 0.328| 0.314| 0.087| -0.004| 0.001 <0.001 -0.006 -0.002

2210413| 0.17| 0.153|0.111| -0.003| 0.0013 0.003 -0.006 -0.001

271 0.083| 0.007| -0.014| 0.096| 0.001 | 0.003 0.565 -0.001 0.002

260.848| 0.72| 0.714|0.106| -0.012| 0.00%1 <0.001 -0.014 -0.009

20| 0.607| 0.368| 0.355| 0.108| -0.006| 0.0071 <0.001 -0.008| -0.003

2410.721| 0.521| 0.51|0.103| -0.008| 0.00%1 <0.001 -0.01 -0.005

231 0.806| 0.649| 0.642| 0.115| -0.01 | 0.001 <0.001 -0.013 -0.008

14| 0.955| 0.911| 0.909| 0.073| -0.016| 0.001 <0.001 -0.017 -0.014

19| 0.767| 0.588| 0.579| 0.123| -0.01 | 0.001 <0.001 -0.012 -0.008

31]0.938| 0.879| 0.877|0.072| -0.013| 0.001 <0.001 -0.015| -0.012

291 0.965| 0.93| 0.929| 0.068| -0.017| 0.00%1 <0.001 -0.018 -0.016

11| 0.845| 0.714| 0.708| 0.080| -0.009 | 0.001 <0.001 -0.01 -0.007

12| 0.878| 0.771| 0.766| 0.082| -0.01 | 0.001 <0.001 -0.012 -0.009

21| 0.95| 0.902 0.9/ 0.076| -0.016| 0.00] <0.001 -0.017 -0.014

30| 0.934| 0.873| 0.87|0.078| -0.014| 0.001 <0.001 -0.015 -0.012

3210.943| 0.889| 0.887| 0.085| -0.016| 0.001 <0.001 -0.018 -0.015

13| 0.506| 0.256| 0.241| 0.152| -0.006 | 0.001 <0.001 -0.009 -0.003

15| 0.806| 0.649| 0.642| 0.163| -0.015| 0.002 <0.001 -0.018 -0.012

Infants are arranged in ascending age order.
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Table 6-13: Distribution of log10 EEG mean P5-2@ithree periods after surgery

period Mean SD Median

bSO 1.39 0.51 1.44

5min 1.17 0.40 1.25
<52 weeks

bAB 1.02 0.27 0.98

gradient -0.006 0.006 -0.005

bSO 2.39 0.24 2.48

5min 1.80 0.24 1.83
>52 weeks

bAB 1.62 0.37 1.60

gradient -0.012 0.004 -0.014

Table 6-14: Comparison of log10 EEG mean P5-20H&dxen before sevoflurane

turned off and before awakening

period mean difference| lower Cl| upperCl| P
log 10 | 0.22 0.05 0.39 0.018
5min
antilog | 1.65 1.12 2.43
<52 weeks
log 10 | 0.37 0.04 0.69 0.03
bAB
antilog | 2.33 1.11 4.90
log 10 | 0.59 0.50 0.68 <0.00
5min
>52 weeks antilog | 3.90 3.16 4.82
log 10 | 0.77 0.54 1.00 <0.00
bAB
antilog | 5.89 3.51 9.89

1

1

NB: bSO (one minute), 5min (4.5 to 5 minutes a8€r, = 30 seconds), bAB (one

minute)
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6.4.4.3 Prominent frequencies

In Table 6-15 the infants with appreciable P5-20&prominent frequency was
usually apparent. In some infants the prominemjuescy was unchanging, yet in
others it tended to increase. The prominent frequeand its power during
anaesthesia in each patient were plotted agaiestsag Figure 6-19). In all except 2
infants over 52 weeks PMA, power in the promineat|fiency was greater than 20
1VZ All younger infants had power in the prominentfiency less than 20tV
When anaesthesia is washed out, power in the pasrhfrequency clearly decreases
over time in older infants but not obviously in ymer infants (Figure 6-20). The
power in the prominent frequency is usually lessithO p\ by 6 to 7 minutes. The
prominent frequency itself changes little over fing five minutes after sevoflurane
is turned off (Figure 6-21) although the increas&e@quency over time has a
correlation coefficient of 0.816 (®.667) and a gradient of 0.062 Hz per epoch (or
0.62 Hz per minute) (p = <0.001).

Figure 6-19: Scatter plot of age versus power iGEEomMinent frequency
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Table 6-15: Mean EEG prominent frequency, andaisqy, before sevoflurane turned

off
Ratio of the

Prominent Powgr of prominent to
frequency ]E)r;oqrzgnecr;t background égﬂi()weeks, PtID
(Hz) 2 power

(A%
0.29 9.78 2.75 39 28
9.8 3.49 2.05 43 18
8.3 3.82 2.57 45 25
9.0 1.11 1.85 46 22
9.4 1.31 1.77 47 27
9.3 3.79 1.93 50 26
6.8 16.15 3.56 51 20
8.1 5.81 2.30 51 24
9.22 9.86 1.87 51 23
10.1 9.34 2.14 52 14
8.7 24.12 2.50 53 19
14 14.2 2.54 53 31
13.7 17.16 2.03 53 29
9.8 46.43 1.88 63 11
8.88 36.58 1.92 65 12
11.0 46.45 2.55 68 21
11.7 29.73 1.66 69 30
11.8 52.65 2.32 73 32
114 29.35 3.22 77 13
14.9 63.13 2.16 77 15
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Figure 6-20: Progression of EEG power in promirieequency between 5 and 20 Hz

Power units are L3(NB: scale is logarithmic). Epoch length = 6 seton
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Figure 6-21: Progression of mean and median EE@ipent frequency power in all

infants.

Forom = prominent frequency. Vertical bars are SDs. Bdength = 6 seconds.

All infants
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6.5 Discussion

EMG signals have a frequency range and amplitualestisily obscures the EEG. In
these series of infants awakening was usually &gsodcwith EMG and large changes
in baseline amplitude. Consequently interpretatibthese signals was limited.
Moreover, once movement has occurred sophisticatedtoring is “too late” and it

is reasonable to focus the search for changes @ ligore rather than after
awakening began. An important observation is howthed the visual appearance of
the EEG did not change as awakening began in Gtsyfan these, change was

delayed by 5 or more epochs later.

The choice of EEG channel is important. In thiseserthe amplitude in either of the

centro-parietal channels was always higher thaninihthe frontal channels. The band
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powers were also higher. Indeed the power in thietét channels was often so low in
the frequency range 5- 20 Hz that it was unlikelgltow any appreciable change
before awakening began. These findings contrast ettier workers who have found
either that frontal power is higher than centréde3e differences may be related to

frequency band and age group.

Davidson and colleagues report that during anasisili@nd surgery) the forehead
mean log power was significantly greater than @nkiowever this was the mean
power rather than the power of any particular feeguy or frequency band. Also,

their data represented a mean for all children. MW8pecified age groups were
considered EEG power was higher in the frontal nb&nin toddlers aged 6 to 24m
but lower in infants less than 6 months. Finalhg steady state may not be the same
in all infants because there was a range of surtgdigg place and various

anaesthetic and analgesic drugs were used.

In another study by Lo et al children and infaraséanmany EEG channels applied
and the authors state that there was a frontabpmethnce of power although data
supporting this statement was not presefitedll patients in Lo’s series had either

sevoflurane or isoflurane anaesthesia without gnigid supplementation.

The EEG of a newborn who is naturally sleepingroftas an irregular tracé alternant
pattern. This was noted in only one of the infaressented here; he was 40 weeks
PMA. Otherwise signals were almost always contirsudm Davidson’s series
characteristic was described in all infants lessi1t months of age and the difference
in our findings may relate to the depth of anadathesed. EEG discontinuity was not

mentioned in Lo’s study.

The visual appearance of the EEG in infants dusimgesthesia has not been
described in the literature. In this series acdialsrwere detected in only 5 out of 20
infants and accounted for only a few excluded epo€he separation of infants
according to visual identification of patterns tfduency has also not been reported
before. Low frequency oscillations were almost alsvaresent but the presence of

high frequencies was not appreciable until 52 wetM#\.

Examination of the power across the measured fre;yueange of 1-70 Hz showed
that power was minimal in frequencies higher th@rH2. Power with higher
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frequencies may be useful in detecting the awake'$t as described in adults, but
they were not present before awakening began srstiries of infants. The PSDs
displayed in Figure 6-10 clearly show that the mgjaf the power lay within the
frequencies less than 5 Hz and that in older isfémre is appreciable power in the 5-
20 Hz range. Investigators of the EEG often desdtie PSD in terms of total power
(TP), mean power (MP), MF and SEF. These measuws\rer do not fully describe
the power spectrum. For example, the SEF and Min#iltenced most by
frequencies with high power and will not readilyddge to distinguish power changes
in frequencies containing low power. TP and MP asaot distinguish between
spectra of different shapes. The distribution af/@owithin frequency bands is more
helpful in this regard. Lo and colleagues have ukedotal power withim, §, 6 ando
bands whereas Davidson and colleagues used tatarpathin 2-20 Hz. Neither of
these approaches however is able to identify aifspepectrum shape and therefore
the finding in this series that older infants hayerominent frequency between 5 and

20 Hz cannot be confirmed by data from other studie

An attempt has been made to establish whethept®rsim shape is present in the
EEG before surgery took place and before opioidewedministered. Ideally the
comparison between the EEG power spectra at thastrnhes should be made when
other conditions are similar, for example sevofhi@aoncentration. This is not
feasible and therefore comparison of EEG dataesettimes cannot be conclusive. In
addition, the selection of the time of the EEG skamgbefore surgery is troublesome
and potentially open to bias. The times chosehimdtudy tried to identify a steady
state period immediately before surgical drapesrevbpplied. It is possible that the
steady state was not steady and that EEG chastiigvaried.

The relationship of EEG power to age has been dersil by Davidson and
colleagues. They identified a clear relationshippafd power in the 2-20 Hz range
with age during surgical depth of anaesthesiahéir tstudy infants less than 100 days
old had power less than 100 f1\his is similar to the finding of this thesis bieg in
mind that power was in the 5-20 Hz range, infargsenanaesthetised with
sevoflurane alone, and that they were undisturlfted surgery. Considering these

differences, especially that the depth of anaestivegs not controlled, the

Page 184



relationship of EEG band power to age may not deggeatly on depth or whether
isoflurane or sevoflurane is used. However EEG pasvdependent on concentration

of anaesthetic in adults and this is likely to heetalso in infants.

Lo and colleagues state that they measured poweariaus steady state
concentrations of sevoflurane yet they contradiist statement by saying that the
anaesthetic was not changed by their study pratdt@ findings of their study are
difficult to interpret because the length of tinpest at various concentrations of
anaesthetic has not been stated.

In this chapter infants who were older than 3 meif{§2 weeks PMA) had EEG band
power in 5-20 Hz range during sevoflurane anaegtla® this decreased soon after
sevoflurane was turned off. The precise concemptnaif sevoflurane in the brain
cannot be measured but is assumed to be close emthtidal concentration. Some
effect from sevoflurane in the spinal cord may bespnt however and this may mean
that the brain concentration is not all importdrttis thesis found that by 5 minutes,
when RSevoflurane had reduced to approximately 0.5% RHz2€ad reduced in all
infants (>52 weeks) to less than 100%uM Davidson’s study P2-20Hz did not
decrease in infants <6 months old but did decreesdants aged 6-24 months. The
decrease was demonstrated by comparing poweliraebints and not by

examining the trend over a time sequence. Lo alldagues studied infants and
children up to 3 years of age and, showed tha¢asflsirane concentration decreased
during awakening, alpha and beta power increadeesd differences may be because
the concentration of sevoflurane used was muchehnifhean BESevoflurane was
3.2%) probably because no opioids were used. Ano#izson why the change in
band powers was different to those presented sthigsis was that Lo and colleagues

calculated the mean power from across many channels

One other study reported change in EEG band pouranglemergency. Murray and
colleagues studied children recovering from propséadlation in intensive care and

found that the power decreased in frequencies hitjaa 12 HZ° Further studies of
controlled emergence from anaesthesia may helproottie value of EEG band

power in charting recovery of consciousness.
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The description of prominent frequency has beenrde=d before but not for
sevoflurane. In children alpha waves have beerritbestby both Constatit and
James™ but neither prominent alpha nor beta waves haea blescribed during
anaesthesia in infants. In a recent report onrthestigation of a new benzodiazepine

in sheep the power within the beta range was usednaeasure of sedatith.

6.6 Conclusions

* EEG power was larger in the centro-parietal thanftbntal channels.

* The EEG after awakening is difficult to interpretcause of interference.
» EEG characteristics during anaesthesia before f@dsairgery are similar
» Before awakening most EEG power lies in the lowdiency range.

* Inthe range 5-20 Hz EEG power during sevoflurameeathesia increases

with age
o0 Ininfants less than 52 weeks PMA the power isigéiié

o Ininfants older than 52 weeks PMA the EEG powagreater than100
s

= This band power decreases during sevoflurane washarnul

before awakening began.

= Awakening did not begin until P5-20 was less thaf {i\*.

Page 186



7 Characterisation of HRV changes
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7.1 Introduction and aims

HRYV is associated with autonomic nervous systenwigctThe previous chapter
describes the EEG changes during awakening. Thigtehexamines the HRV
changes that may indicate autonommousalas sevoflurane levels decrease and as
awakening began. The main aims of this chaptetoagdletermine if HRV changes
before awakening began and if any HRV charactesstould be used to warn of or

predict awakening.
7.1.1 Objectives

* To determine HRV characteristics during awakennogifanaesthesia after

surgery.
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7.2 Methods

7.2.1 Subjects and general methods

The subjects and general methods are those desaniltee previous chapter. Three
ECG channels were recorded from self-adhesivedkittrodes placed on the
shoulders and the left side of the chest. Sigratgssing is described in section
4.4.4.3.

7.2.2 Statistical methods

Initially, descriptive statistics were used to shamy trend over time between four

periods. Periods lasted 1 minute and started from:

One minute before sevoflurane turned off (bSO)
5 minutes after sevoflurane had been turned oS(Ha
One minute before awakening began (bAB)

One minute after awakening began (aAB).

Where differences were appreciable in any variahkeyariable was calculated for
each period and plotted to identify any trend airaie over the time. Statistical

methods used in analysis of EEG data were applied.

7.3 Results

7.3.1 Visual appearance of raw signals

ECG data was successfully collected in 19 infamts ¢ollected in one due to error).
All R waves were easily visually identified excép®B patients during aAB because
of artifacts and interference related to moveme@tG recordings of these periods

were not analyzed.
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7.3.2 Time domain

Table 7-1 summarizes the heart rate variation tugrone minute periods. The
minimum and maximum heart rates in any infant, aingny time during these times,
were 83 and 179 per minute respectively. Beforesth@sia was turned off only one
infant had an SDiffNN greater than 25 millisecondaring later periods 3, 7 and 7
infants had SDiffNN greater than 25 millisecondsiiyi 5aSO, bAB and aAB

respectively.

Figure 7-1 shows distribution of mean heart rateagh one minute period (mean
heart rate calculated from the RR intervals of sgswve beats). Figure 7-2 shows the
distribution of change in mean heart rate at thieses. In comparison with bSO,
there was a small but statistically significantr@ase in mean heart rate (mean
change of 4.8 beats per minute, Cl -7.52 to -2ddifing 5aS0O; an increase in heart
rate after awakening began (mean change 11 beatsipate, Cl 3.6 to 21.5); but the
mean heart rate did not change significantly fré&®khrough till bAB.
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Table 7-1: HRV time domain variables of all infaatfour periods after surgery

bSO 5aS0O bAB aAB
Mean NN 0.5109 0.5358 0.5201 0.4833
SDNN 0.0036 0.0095 3.5241 6.0047
Mean HR 119.37 114.57 118.3273 128.400¢
SDHR 0.8209 1.9544 3.5241 6.0047
RMSSD 0.0036 0.0062 0.0121 0.0181
Infants with any
1 3 7 7
NN25
Infants with
0 0 2 0
PNN25 > 10%

Figure 7-1: Distribution of mean heart rate duramg minute just before sevoflurane

was turned off

Mean heart rate = mean of beat to beat heart oarsone minute. Mean heart rate

=/> category label and < next category label. mumber of infants.
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Figure 7-2: Change in mean heart rate after sesasfluturned off

Mean heart rate (mean of beat to beat heart raysome minute) =/> category label
and < next category label. n = number of infaneam@arisons made within each
infant between one minute before sevoflurane tuonfe(hSO) and:

(1) 5 minutes later (5aSO) (mean change -4.8, Glt&/-2.1)

mean heart rate

(2) before awakening began (bAB) (mean change €3.33 to 1.5)
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7.3.3 Frequency domain

7.3.3.1 Power spectrum density

For ease of presentation in graphs and tablegaaver units, § have been multiplied
by a factor of 18 The figures below show that ranges of powersfionfants within
each frequency band were wide and not normallyidiged. Most signal power lay
within frequencies less than 0.4 Hz. No infant bpgreciable power in frequencies
over 1Hz and therefore powers in frequencies greélade 1 Hz are not presented.
Figure 7-3 shows the relationship of mean band p¢with SD) to frequency during
bSO and demonstrates wide SDs across all frequerkigure 7-4 shows the
relationship of power (median with 2%nd 78" percentiles of all infants) to
frequency after sevoflurane was turned off. Theran obvious increase in power in
frequencies (<1Hz) after sevoflurane was turnedoéf when awakening began.

Further analysis was performed on power within widequency bands.

Figure 7-3: Distribution of HRV power density ifl aifants during one minute before

sevoflurane turned off
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Figure 7-4: Median HRV power density at four pdaafter surgery

Grey shaded areas represent the limits 8f&% 7%' percentiles. The black line in
the shaded areas joins all medians. Power density @ seconds10%Hz. Frequency
resolution = 0.3125 Hz. NB: the scales of the ysaxe different. The y axis scale in
bSO is one tenth of the scale in 5aSO and onetfifof the y axes in the other 2
graphs.
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(3) Before awakening began (bAB)
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7.3.3.2 Band power

Table 7-2 shows the distribution of band powernybSO, and that the means are

markedly different to the medians for raw powett, hot after they have been log10-

transformed. The power within frequencies gredtantl Hz was much smaller than

in other frequency bands.

Table 7-2: Distribution of HRV band powers duringeaminute before sevoflurane

was turned off

LF HF VHF xHF

(0.03-0.15 Hz)| (0.19-0.41 Hz)| (0.44-1Hz) | (>1-2Hz)
Raw band power (%)
mean 53.2 186.3 101.4 3.0
median 27.1 74.3 44.9 2.2
SD 79.3 244.3 146 3.3
max 334.7 800.6 527.4 14.5
min 0.8 6 21.7 0.3
Log10 band power
mean 1.4 1.9 1.8 0.2
median 1.4 1.9 1.6 0.3
SD 0.6 0.6 0.4 0.5
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7.3.3.3 Change in power spectrum

Figure 7-5 represents the change in power from @aSO, bAB and aAB, within
each infant, across the spectrum of frequencielZxand confirms the trend for an
increase in power after sevoflurane has been waslited he main increases appear

to be within the LF and HF frequency bands.

Figure 7-5: Change in median HRV power density

The black line in the shaded areas joins all medi@mney shaded areas represent the
limits of 25" and 78" percentiles. Power density units = secérid¥/Hz. Frequency
resolution = 0.3125 Hz.

(1) Change from before sevoflurane was turned (b8P 5 minutes later (5aS0O)

NB: the scale of the y axis is one tenth of y arete other graphs.
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(2) Change from before sevoflurane was turned (b8fp before awakening began
(bAB)
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(3) Change from before sevoflurane was turned (b8fp after awakening began
(aAB)
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7.3.3.4 Change in band power — comparisons at specific time

The changes in band power (raw and log transfornmetthe 3 times after sevoflurane
was turned off (5aS0O, bAB and aAB) compared withgbwer during sevoflurane
anaesthesia (bSO) were calculated and are dispiayeable 7-3, Table 7-4 and
Table 7-5. These data show that raw power is ulilkebe normally distributed; the
means are substantially different to the mediawnisthe SD’s are large. The means in
log10 data however are similar to the medians aljhdhe SD’s are similar to the
means. Further analysis with histograms and Nopiod$ supported the assumption

that log10 transformed band power is normally thsted.

The change in log10 power was significant and apabée in all frequency bands and
at all times. At bAB the LF band power was 45 tirhegher than that at bSO (95%
confidence limits 16.59 to 122.7).
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Table 7-3: Change in HRV band power from beforeofiavane turned off (bSO) to 5

minutes later (5aS0O)

5250-bSO LF HF VHF XHF
(0.03-0.15 HZ) | (0.19-0.41 HZ) | (0.44- 1 Hz) | (>1 — 2 H2)

Change in raw band power (¥

mean 1336.37 432.06 150.95 1.34

median 144.60 137.56 56.96 0.24

SD 2530.71 861.48 253.36 3.28

max 8016.34 3320.64 1086.85 9.48

min -33.96 -126.34 -19.22 -2.94

Change in log 10 band power

mean 0.89 0.42 0.37 0.08

median 0.79 0.3 0.27 0.06

SD 0.83 0.56 0.41 0.23

Cl of mean 0.51t01.28 0.16 to 0.68 0.18t0 0.5 -0.12t®Q.

Antilog

Geometric mean | 7 gg 2.66 2.34 1.21

change

ﬁ'e‘;fngeomemc 3241019.04 | 14610483 | 151t03.63 076161
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Table 7-4: Change in HRV band power from beforeoflavane turned off (bSO) to

before awakening began (bAB)

)

bAB-bSO LF HF VHF xHF
(0.03-0.15 Hz)| (0.19-0.41 Hz) | (0.44- 1 Hz) | (>1 -2 Hz)

Change in raw band power (8

mean 4087.79 1994.00 497.61 5.51

median 2325.78 206.35 149.54 3.63

SD 4936.15 5231.36 957.98 9.07

max 16287.53 22102.57 3204.68 37.79

min 16.89 -498.66 -25.66 -6.70

Change in log10 band power

mean 1.65 0.69 0.64 0.42

median 1.99 0.42 0.59 0.46

SD 0.93 0.91 0.54 0.56

Cl of mean 1.22to0 2.09 0.26t01.11 0.3910 0.89 0.15 to 0.6§

Antilog

Geometric mean | 45.12 4.84 4.35 2.61

change

Cl of geometric 16.59to0 122.7| 1.82to 12.87 24410 7.74 142184

mean
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Table 7-5: Change in HRV band power from beforeofiavane turned off (bSO) to

after awakening began (aAB)

D

AAB-bSO LF HF VHF xXHF
(0.03-0.15 Hz)| (0.19-0.41 Hz) | (0.44- 1 Hz) | (>1 -2 Hz)

Change in raw band power (8

mean 6815.66 806.42 645.67 80.13

median 3430.54 287.44 156.46 13.18

SD 8797.54 1518.13 1117.39 159.07

max 30087.14 4657.64 3922.48 539.26

min 139.12 -515.90 -2.12 -1.99

Change in log10 of band power

mean 1.92 0.54 0.81 0.99

median 2.04 0.81 0.74 0.85

SD 0.77 0.97 0.70 0.90

Cl of mean 1.52t02.31 0.04t0 1.04 0.45t01.17 0.531t0 1.45

Anti-log

Geometric mean | 82.32 3.47 6.44 9.75

change

Cl of geometric 33.12t0 204.6| 1.111t0 10.92 2.80t0 14.82 3.388t@6

mean
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7.3.3.5 Change in HRV band power - time sequence

Comparing power at specific times has shown anadvelnange but does not describe
the change in power throughout the whole studyogeihe PSD therefore was
calculated for the whole period from bSO until asikg. Every R wave fiducial
point was checked visually to make sure that it e@sectly identified by the
MATLAB program. R wave identification was unreli@dh more than 20% of beats
in 3 infants and these data were not processede Wees one ectopic beat. The HR
was calculated in every epoch (epoch length = 6res) by converting the mean of
the RR intervals in epoch. The percentage changeean HR from baseline (bSO) is
presented in Figure 7-6 and shows that duringiteerhinute the heart rate was
steady. In the subsequent 8 minutes (approximatteédyHR decreased in all but one

infant. Thereafter there was often an increaserbefwakening began.

Figure 7-6: Progression of % change in HR

HR = mean beat by beat heart rate over one 6 sexmoh (beats per minute)

% change in HR

9 , 11 3 5 71 9 111 131 151 171 191
1 Sevoflurane

turned off
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The PSD was calculated in each period of lengitnef minute using the Welch
method with a window length of 30 seconds and 0\&%5lap. This enabled a
frequency resolution of 0.033Hz, over a range BizAsample frequency of
interpolated RR interval sequence = 4 Hz). Each PSbe sequence therefore
represents the previous minute of HRV. To obtdima sequence of PSDs, a PSD
was calculated every 6 seconds later in the timaesgce. The band power

frequencies were similar to those used previously.

The percentage change in band power from basedingd power was plotted over
time. Baseline band power was taken as the meahfmamer from the first 10 PSDs
in the sequence; these represent two minutes adstdate starting one minute before
and ending one minute after sevoflurane was tuafied\n example of the
progression of % change in HRV band power is piteseim Figure 7-7; the figure

also shows the progression of RR intervals oves#tme time period. This infant (Pt
11) is typical in that the LF power increase isgular. A reduction in the period
length to 30 seconds (Welch window length uncharage8D seconds) changes the
sequential change in PSD to show that the irregntaease appears to be in a burst

pattern.

Page 203



Figure 7-7: Typical irregular progression of HRVhdgpower and corresponding RR

interval sequence

(A) HRV band power progression. Period length =sé6onds. First powers represent

previous 60 seconds.
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(B) HRV band power progression. Period length =s86onds. First powers represent

previous 30 seconds.
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(C) Progression of ECG RR intervals
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Figure 7-8 demonstrates the progression of changewer for all infants and shows
that there is a general but irregular trend forkthed power to increase with time.
Note that the y-axes scales are different. Bandegpovas filtered with a simple
median filter (length = 3 data points) but this dat make the plots appreciably less
irregular. The range of power in the LF band wasi@ 100 times that of HF and
VHF band power respectively emphasising that theniaof the power is in the LF
range. Figure 7-9 shows the same graphs but witle ohetail in the low power range,
and these demonstrate that in many infants the peseains low and varies around
thezerochange: power may decrease as well as increasp toy100% below and

above the baseline mean value.

The time of the first appreciable increase in bpoder was estimated. Mean baseline
band power and SD were calculated. Epochs werdifigeinwith band power that
exceeded a limit of mean + (2* SD) of baseline bpoder. The beginning of
appreciable change after the baseline period wasaed as the™ epoch of raw

band power exceeding the limit (epochXL). The seogpmoch was chosen because
the change in band power was irregular and onatsdlincrease in band power may
have been misleading. The mean epochXLs were mpoeeiably different. Mean
epochXLs (SD) were 27.9 (18.3), 33.3 (31) and 32777) for LF, HF and vHF

respectively.
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Figure 7-8: Progression of % change in HRV bandgrow
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Figure 7-9: Detailed progression of % change in HiR¥id power
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7.3.3.6 Effect of age on band power during anaesthesia

A survey of any association of age and HRV bandgydaund low correlation
coefficients for all band powers for common regi@ssnodels (linear, log,
exponential, quadratic, growth). The highe$tvRlue was 0.422 for a logarithmic
model of the effect of PMA on LF band power at b&@ure 7-10 shows that there is
a weak trend for band power to be higher in old@rits.

Figure 7-10: Relationship of age to HRV band poduing anaesthesia (bSO)
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7.4 Discussion

There are practical difficulties with HRV. R wawentification needs visual checking
before RR intervals can be considered to be acubditer awakening began, R wave
identification was sometimes too difficult and cegsently some RR intervals could
not be measured. Before awakening began, RR irt¢erwald be identified in almost
all epochs. Checking RR intervals was easily adudw plotting them and any
mistakes in R wave identification, or any ectopeats, could be readily identified and
indices could then be rechecked. This was pradticall infants for short data
sequences because the number of false R wave sndaless than 100. HRV PSDs
and band powers could therefore be calculated angbared at specific short periods
(see section 7.3.3.4). However when checking l@sgiences (section 7.3.3.5) the
number of false R waves was many more than 100nfa8ts and, for practical

reasons, these sequences were not studied.

Time domain variables at specific times did notvslamy useful features that changed
reliably with time. HR tended to decrease as sa@oseaoflurane was turned off but
by 7 or 8 minutes later it increased in some irfaHiRV band power showed some
potentially useful changes related to time aftergavoflurane was turned off. During
anaesthesia HF band power was most prominent,@ré@ably greater than LF
power. Approximately one minute after sevoflurasméurned off power in all three
frequency bands began to increase and by 5 mithgemean power had increased

significantly. However, there was appreciable arain power.

First, the variation in band power during steadyesanaesthesia is appreciable with
most infants showing a variation of 100% greatdess than the mean and this can
be seen in the first minute after sevoflurane lesntiurned off (Figure 7-9).
Consequently attempting to estimate the time aharease in band power will
depend upon the chosen limit that the band powest exceed. Choosing the limit is
arbitrary and a limit of 2*SD more than the meaarss reasonable but may not
describe the time of an important increase in potierlimit may be set too low or

too high and there is no measure of how long theease lasted.
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Second, LF power, in particular seems to vary irstsuand quantification of these
may be a better way to describe the change in pangr. There is a substantial
increase in the group mean band powers before anvakbegan and the greatest
increase was in the LF range. However the rangecotase was wide and some
infants did not increase their power at this tiifleis may be a feature of the burst

characteristic of LF power in that the power watsimle the burst at this time.

Band power tends to be higher in older than in geumnfants but this relationship is
weak and rests upon steady state mean HRV band powe

7.5 Conclusions
* HRV frequency domain band power changes in a chenstic fashion after
sevoflurane is turned off.

* Power in LF increases considerably more that HFv&ifel but the increase
appears in bursts.

o0 Measurement and comparison of LF power at spetaifies may not

describe the change in LF power in a sequencetaf da

o The identification and quantification of bursts ni@eymore useful.
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8 Further observations

8.1 Assessment of prediction
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predicted asleep when awake

8.1.1 Introduction and aims

EEG and HRV changes during emergence for anaeathesi be useful but their
ability to determine change in conscious level sgede tested. The standard
statistical methods of Receiver Operating Charetie(ROC) and prediction
probability (PK) were applied to the data obtaifredn 20 infants described in

section 5.4.

8.1.2 Methods

In these infants, studied in section 5.4, sevoflaraas turned off after surgery was
complete and emergence occurred at a variablethiereafter. It was assumed
therefore that there was a monotonic (always irsingg change in both conscious
level and expired sevoflurane concentration. Nio& the movement after awakening
began usually created interference with EEG and E€2Grdings and also prevented
accurate end-tidal sevoflurane recordings. Consstyén the scenario of
emergence, during trevakephase, data without movement artifact was usunaity
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possible and therefore data was categorized ietéollowing 3 ‘levels’ or ‘stages’ of

emergence.

Sleep (all times before first movement)
Movement (from first movement until 60 seconds befawvakening began)
Before awakening began (60 seconds before awakéeigan until

awakening began)

In each infant the variable being tested was malte¥ith the emergence level.

Variables tested included:

End-tidal sevoflurane concentration
measured once per minute from when sevofluranewvasd off until
awakening began
EEG power in 5-20Hz frequency band (P5-20Hz)
calculated for each epoch (length 6 seconds) frovenvsevoflurane
was turned off until awakening began
HRYV power in LF, HF and vHF frequency bands
calculated for each epoch (each value represeetsopis 60 seconds)
from one minute after sevoflurane was turned offl aavakening
began)
Mean % change in heart rate
Calculated from mean RR interval over each epaatg(h 6 seconds)
and compared with mean RR during one minute befeveflurane
turned off, from when sevoflurane was turned oftillawakening
began
For EEG, HRV and heart rate there were 10 damasitgor each infant) representing
the periodbefore awakening begarompared with variable numbers of data items for
sleepandmovementevels of emergence. For end tidal sevofluranestivas one data
item representing the minubefore awakening begawmariable numbers of data items

represented other levels of emergence

Data are presented separately for infants younggeoller than 52 weeks PMA.
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8.1.2.1 Histograms
Data were plotted to show their distributions indls of emergence. These plots may
allow visual estimation of how well a variable migthistinguish between sleep and
before awakening began.

8.1.2.2 Receiver operating characteristic (ROC)

Analysis was performed using the statistical sofeM&PSS version 16 and a free-

access Excel spreadsheet from the internet welgite anaesthetist.conROC is a
graphical representation of how sensitivity angéesficity change as the value of the
“cut off” varies. Sensitivity and 1-specificity asso known as “true positive” and
“false positive” rates respectively. Two scenamase considered according to
whether the detection of “sleep” as opposed to t@avas intended. “Sleep” was
chosen as the outcome of greatest interest bedansg be more important to make
sure that the infant is asleep (anaesthetisedhglgtrgery rather than awake during
awakening. In this scenario the true (TPR) ancefé$R) positive rates are

equivalent to the following:
TPR = predicted asleep when actually asleep
FPR = predicted asleep when actually awake

Alternatively, if it is considered important to et awakening then the following

can be calculated:
TPR = predicted awake when actually awake
FPR = predicted awake when actually asleep

In the first scenario, the ROC may be used to pt@eatient from being wrongly
considered asleep and in the second, the ROC beulded to protect the patient

from be being falsely considered awake. The purpbsiee ROC in these two
scenarios is to protect the patient from inadeqaateexcess anaesthesia respectively.
To achieve these aims the FPR should be minima.cliroff predictor variable

value was estimated at which the FPR was 0.05 (=§&8¢ificity). The

corresponding TPR was calculated at this cut-difiesalThe area under the ROC

curve was estimated using SPSS together with # @anfidence intervals; it is a
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measure of the difference between the ROC curveahanline of equality, which has
an area of 0.5, and therefore for statistical siggmce (P=0.05) 95% confidence

intervals should not enclose 0.5.

8.1.2.3 Prediction probability

Prediction probability (PK), described by Smith amdleagues, has become a
standard tool to estimate of the ability of an atlaetic depth indicator to detect or
predict the true observetpth®* The test outcome is the probability that the
predictor variable correctly predicts the rank oroleany pair of observedepths
Commonly, in the literature, the model to be testas both the predictor variable and
the depth ideally monotonically (always) increasituging emergence (for example
BIS increases as the patient awakens): under seig@aption if, in any data pair, both
the predictor variable and the observed depth ahanthe same direction the pair are
considered concordant. The PK is a statistic thhased on the ratio of the
probability of concordance to the combined probaéd of concordance,
disconcordance and tied predictor variables. Pkesdretween 1 (all pairs
concordant) and zero (all pairs disconcordant)hénmodel presented here EEG
power and end tidal sevoflurane levels are deangamsid the PK presented inn the
results is 1 minus the calculated PK. PK was catedl using the Excel macro
PKMACRO made available by Smith and colleagd®s-or PK estimation the mean
EEG power, HRV and heart rate were calculated &eheminute so that these data
could be compared with end-tidal concentration .dbite PKDMACRO was used to

estimate the difference between PK values witheéhese group.
8.1.3 Results

8.1.3.1 Histograms

Figure 8-1 shows the distributions of end-tidalafewrane and P5-20Hz durirgleep
compared with one minuteefore awakening bega®@f all the histograms of the
predictor variables, this is the best example shgwiow the variable in question
distinguishesleepfrom before awakening begahlistograms of EEG power in the 5-

20 Hz band are also shown in Figure 8-2.
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Figure 8-1: Histograms of distributions of end-tidavoflurane infants during sleep

and before awakening began.
0 = asleep and movement alone, 1 = before awakémigan.

Frequency = number of epochs in all infants

awake

3.0

ETsevo
T
oA®5] 3

1.0

.01

T T T I I T T
50.0 400 200 o 200 400 G0.0

Frequency Frequency

Page 215



Figure 8-2: Histograms of distributions of EEG po\{&20Hz) infants during sleep

and before awakening began.

0 = asleep and movement alone, 1 = before awakémgan. Frequency = number of

epochs in infants of two age groups
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8.1.3.2 Receiver operating characteristics

Data are presented separately for infants younggeohller than 52 weeks PMA. ROC
curves are in Figure 8-3. Cut-off values and themresponding sensitivities are
presented in the following tables if the area uridlerROC curves was greater than
0.55. ROC data for predicting sleep i.e. in thenac® of aiming to make sure that the
infant is asleep (anaesthetised) during surgerpi@sented in Table 8-1 and Table
8-2. In summary, these data show that end-tidalfieane concentration predicts
sleep better than any other predictor variableth®fother variables EEG P5-20Hz
predicts sleep best; HRV and change in heart rate poor at predicting sleep. The
areas under the ROCs for LF and HF HRV were lems @45 which means that they
could be used to predict the absence of slee@wakening. ROC data for the
prediction of awakening for infants older than 52eks by these predictor variables

are presented in Table 8-3.
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Table 8-1. ROC data for prediction of sleep duengergence in infants < 52 weeks

PMA
Predictor Area | 95% CI Cut-off Sensitivity
variable under value for at cut-off
curve specificity
0.95
End tidal 0.924 | 0.88 0.97 > 0.35% 0.83
sevoflurane
EEG P5-20 0.59 0.54 0.64 >35.9 0.2
HRV LF 0.46 0.38 0.54 - -
HRV HF 0.53 0.46 0.6 - -
HRV vHF 0.53 0.45 0.6 - -
% change in HR| 0.51 0.45 0.57 - -
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Table 8-2: ROC data for prediction of sleep duengergence in infants > 52 weeks

PMA
Predictor Area | 95% CI Cut-off Sensitivity
variable under value for at cut-off
curve specificity
0.95
End tidal 0.741 | .634 .848 >0.7 0.42
sevoflurane
EEG P5-20 0.72 0.66 0.78 >182 0.2
HRV LF 0.37 0.29 0.45 - -
HRV HF 0.35 0.29 04 - -
HRV vHF 0.44 0.36 0.51 - -
% change in HR| 0.55 0.47 0.63 - -

Table 8-3: Selected ROC data for prediction of aamithg during emergence in

infants > 52 weeks PMA

Cut-off o
Area Sensitivity
Predictor value for
_ under | 95% ClI - at cut-off
variable specificity
curve
0.95
HRV LF 0.63 0.71 0.55 >0.8*10 0.83
HRV HF 0.65 | 0.71 0.6 >2.6*10 | 0.88
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Figure 8-3: Receiver operating characteristic csirve

A: Infants younger than 52 weeks PMA.
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8.1.3.3 Prediction probability

Table 8-4 summarises the PK values for each p@dietriable and shows that the
end-tidal sevoflurane had similar prediction prabigtto all other variables except
EEG power in infants less than 52 weeks PMA. Stediscomparison of PK values
between the groups is not possible because theermsrobdata items are different in
each group. However, Table 8-4 shows that EEG PHZ28nd HRV variables
performed better in the older than in the youngérit. For % change in heart rate,
increasing heart predicted conscious level in yaafants contrasting with a
decreasing heart rate in older infants. PKs wenepased using the PKDMACRO
macro (for paired data). Within each age groupptieelictor variables were compared
with and end-tidal sevoflurane and the PK diffeesnare summarised in Table 8-5.
These data show that end-tidal sevoflurane is batteredicting conscious level than
EEG power in young infants but not in older infartkés supports the concept that
EEG power in the 5-20Hz frequency band could be tsgredict conscious level in
infants older than 52 weeks PMA. HRV and % chamgeeiart rate predictor

variables were not statistically different from etigthl sevoflurane in either age

group.
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Table 8-4. PK for variable to predict increasingstous level

PK values in this table were calculated from aHifable data. PK = prediction

probability (0.5 = equal chance of predicting iras®g or decrease conscious level

during emergence). Cl calculated from the PK -881SE (SE = standard error

calculated using th@ckknifemethod).

Infants < 52 weeks PMA Infants > 52 weeks PMA
Predictor PK Cl PK Cl
End tidal 0.35 0.65*| 0.271t00.43 0.21 0.70* 0taD.31
sevoflurane
EEG P5-20 0.49 0.51r 0.39t00.59 0.290.71* | 0.2't0 0.39
HRV LF 0.77 0.7310 0.81 0.82 0.77 10 0.87
HRV HF 0.64 0.58 to 0.69 0.79 0.751t0 0.83
HRV vHF 0.69 0.641t00.74 0.76 0.711t0 0.82
% ch in HR 0.64 0.59 10 0.69 0.37 0.68* (030D.44

*PK values calculated for reversed conscious lgables so that the predictor

variable and the conscious level are changingerstime direction.
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Table 8-5: Comparison of predictor variable PK w#tk for end-tidal sevoflurane

Infants < 52 weeks PMA
PK SE PK diff Lower 95% CI | Upper 95% CI
End tidal
sevoflurane 067671 0.053
EEG P5-20 0.51* [ 0.055 0.17 0.058 0.278
HRV LF 0.751 0.045 0.033 -0.113 0.179
HRV HF 0.662 0.056 0.041 -0.099 0.181
HRV vHF 0.677 0.053 0.021 -0.121 0.163
% chin HR 0.065 | 0.055| 0.091 -0.063 0.245
Infants > 52 weeks PMA
PK SE PK diff Lower 95% CI | Upper 95% CI
End tidal
sevoflurane 0.814* | 0.86 0.08
EEG P5-20 0.719* 0.054 0.095 -0.015 0.205
HRV LF 0.731 0.103 0.07 -0.17 0.31
HRV HF 0.656 0.11 0.124 -0.156 0.404
HRV vHF 0.678 0.103 0.128 -0.13 0.386
% chinHR | 0.708*| 0.099 | 0.087 -0.171 0.345

*PK values were calculated for reversed conscieusllvalues so that the predictor
variable and the conscious level are changingarstime direction. Data in this table
are restricted to infants in whom data was avaal&bit all variables (some infants did
not have HRV data). Non-significant confident intds are in bold.
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8.1.4 Discussion

The problem of movement artifact prevents accegsddictor variables during
awakening itself. Nevertheless the minute beforakamning began could be regarded
as a period that may predict whether an infantavilaken. Comparison of predictor
data in this period with the data prior to thiseigould determine whether predictor
variables are useful. The results of the ROC andl& in this section support
findings elsewhere in this thesis that EEG powenase useful in older than in
younger infants. Nevertheless, in the ROC datastieladl sevoflurane is more
predictive than any other variable. Submitting dia¢ga to PK analysis however
showed that all predictor variables were similazept for EEG power in infants <52
weeks age PMA which was significantly less predethan end-tidal sevoflurane.

ROC is founded on sensitivity and specificity dagscribing how a variable predicts
an event. In the situation of awakening, it wasstdered more important to predict
the presence of sleep and, moreover, to avoidrégigtion sleep when the infant was
indeed awake. HRV in older infants however wasdnett predicting awakening and

in the avoidance of predicting awake when the infeas indeed asleep.

The advantage of the PK analysis over ROC is tlatn analyze multiple observed
conscious levels and is not restricted to a diamotgs outcome of an event. There are
problems however with both the ROC and PK staastoalysis. First the scenario is
not steady state and test-retest opportunitiea@rpossible; the conscious level is
therefore always increasing in this model. Secqritiya is not independent and it
should be for PK analysis. This is recognized aragpted by the developers and
other workers who have used it; no alternativastieal process has been proposed.
Third, the data were not equally spread amonganisf this makes it difficult to
compare the groups of infants and the outcomeshedyased by infants in whom

more data was collected.
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8.1.5 Conclusions

ROC analysis found that prediction of a sleep state highest using end-tidal

sevoflurane

PK analysis found that prediction of a change insocoous level was similar in

all variables except EEG power in infants less thanveeks PMA
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8.2 Potential value of EEG P5-20Hz and HRV LP

THESIS THUMBNAIL

Mouth gag l l PﬂS

EEG
P5- 300

voflurane 7
20Hz 500
HRV

A

power Epoch —

* EEG and HRV changes wit
stimulation B T T e s

-

8.2.1 Introduction and aims

The characteristics of EEG and HRV during awakefiam sevoflurane anaesthesia
may also occur during surgery if anaesthesia lem&snadequate. If so, increasing

analgesia or hypnotic drug doses may reverse them.

8.2.2 Obijectives

* To investigate how P5-20Hz and HRV LP react tcaioprerative stimuli and

changing BSevo

* Do P5-20Hz and HRV LP have the potential to mordtepth of anaesthesia?

8.2.3 Methods

An infant older than 52 weeks PMA age was monitdhedughout surgery using
EEG and ECG the study monitoring as described3m4Clinical details of potential

awakening were noted.
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8.2.4 Case report

The infant was 64 weeks PMA (gestation 39 weeka)en8.5kg, and required repair
of cleft palate. Anaesthesia was induced and mardawith sevoflurane delivered in
oxygenated air. Atracurium facilitated tracheaulydtion. Fentanyl analgesia was
used during surgery (initial dose 1.5mcg/kg). Stadynitoring was applied soon after
tracheal intubation.

8.2.4.1 Response to pain

After anaesthesia had been established for at 1&astinutes the surgeon positioned a
gag in the mouth. The gag caused pressure on thamargin and was followed a
few seconds later by an appreciable increase imthet’'s heart rate (Figure 8-4).
This was assumed to be a response to pain. Thethetist responded by
administering fentanyl (0.5mcg/kg) and increasimginspired sevoflurane
concentration (ESevoflurane had been 2.2 % and it increased t&24minutes
later). Figure 8-4 (A) shows raw EEG signals oWs period and there was a
decrease in amplitude in the raw signal of thetilbchannel. There was a fall in P5-
20Hz in the CP3 channel to almost 10Gjput by 2 minutes later, when extra
fentanyl and sevoflurane had been administeresl hinil increased to over 200%
HRV LF band power showed some burst activity betbeeresponse to pain but
increased power by over 35 times the baseline duhe response to pain. LF band

power reduced to baseline soon after extra fentamylsevoflurane had been given.
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Figure 8-4: Change in raw EEG, EEG P5-20Hz, RRwale mean heart rate and
HRYV band power in response to painful stimulus (gegrtion)

A: EEG recordings from two channels (Fz and CP®jembfrom the Grass Telefactor
recording of an infant aged 64 weeks PMA.
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D: Progression of % change in mean heart rate @nrheart rate in each epoch)
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8.2.4.2 Awakening and re-establishing anaesthesia

After surgery and during awakening, anaesthesiadaeé re-established for clinical
reasons. This was because there was bleeding fremose and the pharynx and cleft
repair had to be inspected and suctioned. Traehe@abation was delayed until the
bleeding ceased. Bleeding ceased spontaneousheaondkery was unremarkable
thereafter. EEG and HRYV recording took place dutitege events process and
findings during re-establishment of sevoflurane@esented in Figure 8-5 (A, B, C,
D and E). In (A) the decrease in raw signal amgétis obvious during sevoflurane
wash-out and it increases approximately to baséivels when sevoflurane has been
re-established. In (B) the power spectrum array sleows an obvious prominent
frequency and power that decreases and increatfiesevioflurane wash-out and
wash-in. The change in P5-20Hz, in (C) follows shene trend over time. The mean
(SD) P5-20Hz over 10 epochs in bSO, bAB and onaiteitater was 323 (54),
43(11), 243 (39) p¥tespectively. The heart rate in (E) clearly incesaas

awakening began and LF HRV band power also incseaisthis time. HRV LF

power returns to baseline as anaesthesia is relsbted. vHF band power increases
in activity after anaesthesia is re-establishedraay reflect underlying native

respiratory rate undetected clinically.
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Figure 8-5: Change in raw EEG, EEG power spectes; P5-20Hz, HRV band

power and heart rate in response awakening anoratish of anaesthesia

A: EEG recordings from two channels (Fz and CP3jembfrom the Grass Telefactor
recording of an infant aged 64 weeks PMA.T2 mairke tof sevoflurane turned off,
T3 = awakening began, T4 = sevoflurane turned &n; ®ne minute later. Length of

sample recording is 7 minutes.
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B: EEG power spectrum array of same infant. Powésare V.

T2 marks time of sevoflurane turned off, T3 = awakg began, T4 = sevoflurane
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C: Progression of ECG P5-20Hz (f)\th same infant over same time period.

T2 marks time of sevoflurane turned off, T3 = awakg began, T4 = sevoflurane

turned on.
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D: Progression of % change in heart rate (meart fmagach epoch (6 seconds))
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E: Progression of HRV band powers over time. T2ksiéime of sevoflurane turned
off, T3 = awakening began, T4 = sevoflurane turoedEach epoch marks the time of

the end of the minute over which the band powerdea calculated.
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8.2.5 Discussion

This case report provides supportive evidencelibtt EEG P5-20Hz and LF HRV
could monitor depth of anaesthesia in infants otdan 52 weeks PMA.

Both EEG P5-20Hz and LF HRV power changed duringferane wash-out in the
characteristic manner described in previous chapBar chance, anaesthesia had to
be re-established because of bleeding at the opemate, and study monitoring
captured the EEG and HRV changes during sevoflunash-in; P5-20Hz increased
and HRV LP decreased to their pre-sevoflurane voaghiange.

Both EEG P5-20Hz and LF HRV power changed withiafphstimulus during
sevoflurane anaesthesia. Both variables changadimilar manner to the changes
seen during the washout of sevoflurane at the éadaesthesia and this suggests that
intraoperative awakening was possible. Not allntganay respond to a mouth gag
and this may be because the degree of the pairbmagportant. If so, the efficacy of
the anaesthesia technique will be influential. @halgesia and hypnotic components
of the anaesthetic technique agent may have diffe&fects on response to pain. It is
likely that fentanyl, known to be a potent analges more important than
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sevoflurane in preventing a response to pain. Aystd dose of fentanyl required to
prevent a decrease in EEG P5-20Hz and LF HRV buoratsbe interesting but a
similar study would also be necessary to deteritiaeeffect of various inspired

concentrations of sevoflurane.

The time taken by each variable to respond tonaudtis is dependant on the method
of calculation. There is an inevitable delay in #félity of LF band power to detect a
change in RR interval because of the length op#réd over which the LF power is
calculated. This delay can be reduced by minimiiveg\WWelch window length of the
FFT but the reasonable minimum window length igtkich by the need to distinguish
the power in the LF and HF bands. If distinguishbagd powers is important a
window length of 18 seconds (3 epochs) is the mimmnlf the contribution of HF
power to the total HRV is small or constant, it nteeyreasonable to use shorter
windows. A window of 6 seconds long (one epoch)l, prpduce wide frequency
bands in which the"® 3 and 4" frequency bins would represent power centered on
0.125, 0.25 and 0.375 Hz respectively and thesddrencroach into the high
frequency range (0.19 to 0.41Hz).

The RR interval sequence itself can be filteredstimate power within a chosen
frequency band. In order to estimate the powerfillesied signal the mean signal
power should be estimated over at least one wagtideand therefore at least 10
seconds would be needed to estimate power of azGigdal. Figure 8-6 shows that
LF power derived from RR intervals can be calcudte individual RR intervals but
that averaging the signal over 12 seconds (2 siarskepochs) produces a

progression of power similar to that found by ttf&DPmethod shown in Figure 8-4.
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Figure 8-6: Progression of LF band power (derivedifband pass filter of RR

intervals) with and without moving average.
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This encourages the use of a monitor of EEG bameepand assessment of its value
in a larger cohort of infants undergoing painfulgary. Such a tool may help to

modify anaesthesia technique.
8.2.6 Conclusions

In this case report
* P5-20Hz decreased and HRV LP increased during lseaoé wash-out

0 These changes were reversed when sevoflurane hesiasivas re-

established.
* P5-20Hz decreased and HRV LP increased in reatdiarpainful stimulus

0 These changes could be reversed by both intravdeatenyl and an

increase in ESevoflurane

* P5-20Hz and HRV LP have the potential to monitgthdef anaesthesia
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8.3 The relationship between age and P5-20Hz during aeathesia

THESIS THUMBNAIL

P5-20Hz
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* EEG power and age

8.3.1 Introduction and aims

The finding in section 6.4.3.6 that P5-20Hz is asded with, and increases with, age

was in a small sample number of infants (n = 2@bre infants need to be studied to

confirm and investigate the relationship of ag&E{s band power during steady state

anaesthesia.

8.3.2 Obijective

* To confirm and further investigate the associabetween age and P5-20Hz

8.3.3 Methods

Three sets of EEG data were combined.

* Nine infants had been studied (see section 5.@8hoin 6 had had sevoflurane

and 3 isoflurane. EEG data was recorded after symgas completed and at

the same anaesthetic dose used for surgery.

» Twenty infants anaesthetised with sevoflurane stlith chapter 6.

» EEG data from 14 infants and children were supdbgthvestigators in Royal

Melbourne Childrens Hospital in Australia.
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8.3.3.1 Processing Melbourne data

Demographic details of these patients are presémt€able 8-6. Five had had
sevoflurane and 9 had had isoflurane anaesthdstainVestigators recorded EEG
during under steady state anaesthesia during manolating surgery. Data had been
recorded using a ReBrim EEG monitor that had anedditers to exclude signals
lower than 2 Hz and higher than 88 Hz. The samglaguency was 512 Hz. The
processor was 12 bit. The digitized data was digifétered to include signals below
28 Hz only and then decimated to reduce the sagflaguency to 64 Hz. Three
channels were recorded; one frontal (Fz) and tvniraeparietal (CP3 & CP4). The
data was raw and was supplied in excel spreadsti2eis was processed using the
bespoke Matlab programs used in this thesis. Aethrmute period of steady state
anaesthesia was identified in each patient fronclihecal details supplied. Each
signal was visually inspected. The amplitude indbetro-parietal channels was
obviously higher than the frontal and thereforeyardntro-parietal channels were
processed further. P5-20Hz was calculated in eagt6nd epoch in both centro-
parietal channels and plotted over time to cheakte P5-20Hz did not have
obvious unsteadiness. The mean P5-20Hz of bothnettgrand all epochs of the 3

minutes was calculated.
8.3.4 Results

In Figure 8-7 there appears to be a linear relahgnbetween P5-20Hz and age until
100 weeks PMA (equivalent to age 14 months). Fi@a8eshows the relationship in
more detail for infants less than 14 months old.i#hnts less than 53 weeks PMA
have power less than 10 fiAll infants older than 52 weeks, except one, haweer
greater than 1004/ These findings do not seem to be affected bylivice of

anaesthetic agent.
8.3.5 Conclusions

» The combined data support the initial finding tR&t20Hz is related to age.
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Table 8-6: Demographic details of infants and aleidstudied in Melbourne

Airway LA
Age | G | Operation Anaesthesia| bD Opioids
device block

1Im | M | Inguinal hernia repair Isoflurane ETT Calud
2m | M | Inguinal hernia repair Isoflurane ETT Calud
2m | M | Inguinal hernia repair Sevoflurane nil @al
5m | M | Hypospadias repair Isoflurane Yes ETT Morphip€audal
6m | F | Excision extra digit Isoflurane Yes LMA Ring
10m | M | Oesophageal dilatation Isoflurane Yes ETT
18m | M | Eye examination Isoflurane Yes LMA
2y M | orchidopexy Isoflurane Yes LMA Cauda
3y M | Change of plaster Sevoflurane  Yes LMA

Morphine/
3y M | Squint correction Isoflurane Yes ETT

Fentanyl
4y M | Release trigger thumb Isoflurane Yes LMA

Morphine/
6y F | Cholecystectomy Isoflurane Yes ETT

Fentanyl
7y M | Inguinal hernia repair Sevoflurane Yes LMA Ey| Caudal
9y M | circumcision Sevoflurane| Yes LMA Morphine  Peni
G = gender
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Figure 8-7: Scatter plot of P5-20Hz against PMA&embined children and infants
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9 Discussion and future directions

At the beginning of this thesis the aim was to tdgrand investigate EEG and HRV
characteristics that may detect or predict awakgafrinfants from anaesthesia.
Characteristics have been defined but, by necdsaitg been obtained on limited

numbers of infants.

Major impediments to research of this subject hasonly been the limited numbers
of infants who require anaesthesia (even in a nggediatric hospital) but also that
many infants who do require surgery have had texotuded because of abnormal
neurological and cardiovascular systems. Pareatedent was not always given,
probably because anxiety at the time of surgeryged them considering anything
other than essential decisions. Explaining thears$or the research, i.e. “that we
need to investigate methods of monitoring deptanafesthesia in order to try and
avoid giving inadequate or excessive doses of #mesia drugs” may not have
seemed important enough to parents who believadthainterference with normal
practice increases risk and is therefore not jestifit is possible that more time spent
in preparation of parents could improve their ustierding and help them overcome
their natural reluctance to consider the risk igdiions of altering anaesthesia
management. This however will mean that recruitmelhtneed planning which has
been difficult in this work because of reliancetba organisation of surgery.
Certainly, to generate dose response data, thead@smesthesia needs to be altered
in a defined and controlled fashion involving atpoml that takes account of the
possible influence of timing and order or dose gesndose response changes would
need to be randomised. In the current researcthisrdemands more intense
administrative resources and employment of salagedarcher. The work of this
thesis was limited to observations made on routine almost routine — anaesthesia
practice. Minor deviations from the routine invalvapplication of extra non-invasive
monitoring, videoing events, additional minutesanfesthesia while study
monitoring was applied and, at the end of surgegording a few minutes of steady

state anaesthesia. It is also true, perhaps,faatts awakened more slowly in the
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study than in routine practice when they would rallynbe stimulated by pharyngeal
suctioning and their tracheas extubated at a diftdevel or dose of anaesthesia. This
too, might have been an interesting set of obsemn&abut, because movement creates
interference on the EEG and ECG signals, recordirhis time is unlikely to

generate useful data.

Such difficulties in this field have probably himdd other researchers and may
explain why few data are published. Indeed thoaedlre published are also largely
observational and the authors have been unableadadycdefine the conditions under
which their observations have been made. In resgdeEG characteristics Davidson
and colleagues studied their infants (and childtergughout the perioperative period
but have limited their report to the intraoperatigeordings and those during
emergencé?® Their chosen steady state was during surgery #sel they assumed
that this was the depth of anaesthesia appropaatergery. Whether surgery caused
EEG changes is unknown. Lo and colleagues randdnm$ants and children to
receive isoflurane or sevoflurane anaesthesiathetrwise their study was
observationat® They too studied the EEG during anaesthesia leirt thethods are
unclear and contradictory in that they state threeathesia management was not
changed by their observations yet they had steiaty anaesthesia at decreasing
concentrations of anaesthetic. Constant and calesagtudied the EEG at induction,
and successfully recorded EEG in children sedatddmidazolam before
anaesthesia was induced. They showed that inducdiosed EEG changes similar to

those seen in adult&*

The technical aspects of EEG monitoring during atieesia may also have prevented
research interest. Application of electrodes tsute scalps is time consuming and
can cause variation in signal impedance makingpnegation difficult. Diathermy

and other electrical interference can reduce theevaf EEG monitoring.

HRYV, also, has received little attention from reshars in anaesthesia depth.
Constant and colleagues showed that sevoflurarresges HRV LF power (and
arterial blood pressure variability LF power) ahdttduring emergence power
increases many-fold. Blues and Pomfrett have stiudiRV in children being induced

with halothane but restricted their calculationghi® respiratory component (i.e.
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HF).3%2 They found that HRV HF power reduced with incragsinaesthesia depth.
Oberlander and colleagues studied HRV band povgrsHF and LF/HF ratio) in
infants and found that halothane suppress alledetvariable®’® Variability in HRV
band power was observed by all of these authorsgre reported that LF HRV
power may have a burst pattern. In a study testiagHRV effects of propofol
anaesthesia in children having painful procedures;eill and colleagues found that
LF power increased during painful episodes irrespeof the propofol dos&*
Maenpaa and colleagues have used HRV in adultfoamnd changes associated with

sevoflurane and propofol anaesthesia are the $&me.

That so few data are available in infants with thisresting monitoring modality is
surprising but, as for EEG, may be explained biotesitechnological problems. R
wave identification is crucial and will need tovasually checked. Ectopic beats may
need to be replaced or ignored. Moreover the eeelém support the separation of
sympathetic and parasympathetic nervous systemeinde on LF and HF band

powers is debated and therefore interpretatioméeuain®®

In the outset of this thesis, the choice of EEG HRY, rather than other
measurements, was made because these are norvénaadithey were available and
relatively inexpensive. Such considerations maké thvestigation important
because if they were useful, they could be readid in clinical practice. Limiting
this work to the investigation of raw signals ahdit frequency domain band power
analysis is justified in that such data are esakbéfore other more complex analysis
can be undertaken. The investigation of BIS orather processing method that
obscures the raw signal may be misleading, diffittulinderstand and interpret, and
may not be accepted by clinicians. Frequency domaatysis from this thesis
provides essential background knowledge for ingasitn of other EEG derived

variables.

The following summarises the findings of this tisesnd discusses the strengths and
weaknesses of methods and results. Each majoimstiep thesis is considered

separately and finally a plan for future directafrinvestigation is presented.
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9.1 Definition of awakening

Certainty of conscious level in non communicatingividuals is not possible, and
therefore valid surrogate markers of potential camss level are almost certainly
needed. Possibly the most persuasive marker otmsness is the ability of a
person to react to verbal command. Other resear ttase not found this to be
practical especially in the youngest infafsThis may be possible in infants who
have become accustomed to their mothers voideackaging anothers voicénto an
auditory stimulus could, in theory be used in ganhduring anaesthesia. The infant
would need to be able to respond in an appropmatener but a response to
command seems implausible. Yet any response talaensovoice as distinct to a
response to any other noise would be supportiv@$cious processing of an
auditory stimulus. Muscle relaxants could not bedualthough EMG interference
may be troublesome. The isolated forearm techroguéd be adapted for infants.

Initial response to skin stimulation is probablgpmnal response.

Awakening, defined by the experts group, producddfaition that was practical and
readily used to separate beginning of awakening faajuiet state. Neither state is
certain to represent awake nor sleep, but at teagthave been defined by an
independent group whose main professional intesestthe observation and control
of conscious level. “Beginning of awakening” waseasily identifiable reference
point in the continuum of conscious level. The eipeay have modified their views
if they had been challenged by other members ofjtbep, or if they had been asked
to consider other published opinions. Neverthelles<riteria that they chose are
similar to those described by other investigatod @inicians (see Table 2-3). Over
time, people change their views. Further questgaind challenging of the expert
group could have reduced their commitment to tkk #and further questioning

therefore ended after 2 rounds of questions.
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9.2 Development of a model of awakening and its applitian to

conscious level monitoring

9.2.1 Steady state

Steady state anaesthesia depends, in the maiheawose of anaesthesia and the
stimulation. The drug concentration in the targefao is theoretically possible to
measure (end-tidal sevoflurane for example) buttmext is important. The longer
the length of time at which the steady end-tidadgemtration has been achieved the
greater the confidence that the body has achiegeiil@ium. The effect on the brain
may not be steady however because stimulation @sarfigacheal irritation from a
tube can vary especially if it is moved. Surgicainpchanges as does the
concentration of analgesia at the effect site.edéuda perfect steady state is only
theoretically possible, and may not be truly reldua the clinical situation. In the
real situation, stimulation demands changes in e€otnation of anaesthesia or
analgesia drugs (or both) and the anaesthetishpitseto balance anaesthesia with

stimulation.

In the model used in this thesis the concentraifcanaesthesia present after surgery
is the same as that used during surgery — and guagisufficient to keep the infant
anaesthetised. Effective analgesia is crucial mrodling responses to pain during
anaesthesia and the anaesthetist used their jud@iserto make sure analgesia was
sufficient to prevent pain responses. If thererar@ain responses (theoretical and
undefined), either due to absence of pain or dfféxtive analgesia, the
measurement of the effect of varying steady stateentrations of anaesthesia
becomes meaningful. Future studies need to tesfteet of clinically used
concentrations of sevoflurane on EEG and HRYV iantsg and such a study will

require cooperative parents.

Pain, however, is a feature of the typical clinsi&iation and therefore it could be
argued that steady state is not relevant. The eoangument is that pain can be
effectively removed by regional local anaesthesi @otent opioids such as
remifentanil. A combination of local anaesthesid semifentanil has been used to
test awakening in women undergoing surgery in wkhiehconcentration of
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anaesthesia was gradually reduced until communitatas possibfé>’> In these
circumstances tracheal intubation and controllettilagion are essential to manage

respiratory depression causes by opioids.

Other factors may be relevant to the definitiorsteady state because they affect
conscious level, and drug dynamics and kineticsglyBemperature may alter drug
receptor interaction or change the kinetics, famegle by changes in blood flow. All

infants presented in this thesis had their bodyprature maintained above 3%5

Muscle relaxation prevents afferent signals fronsahelispindles that can provoke
arousal. Residual effects of muscle relaxation weitéely and were not apparent

when awakening occurred because movements wergsalgorous.
9.2.2 Stimulation as a test of consciousness rather thgrain

Infants respond to painful stimuli but this is ughced by analgesia as well as
anaesthesia. A stimulus to test consciousnessatimeriefore not be painful. Yet is
such a separation of painless from painful stirptaicticable? A noise stimulus can
be described in terms of loudness, pitch and tirag the presence of hearing
impairment, the infant’'s perception and learningkenany response variable. Noise
was not effective in an early pilot study in thiesis. Stimulation bynothers voice
could be effective but has problems of calibrafimaking mothers voices similar).
Skin stimulation was effective however but is diffit to describe. Pressure and
timing of skin stimulation were not measured. Néweless tickling the foot was easy

to perform and did not cause parental anxiety.
9.2.3 Do EEG and HRV characteristics predict awakening?

This thesis has tested only a narrow or limiteghglus. A more intense stimulus
could have caused awakening earlier. The strorigeulsis such as suctioning the
pharynx or the trachea could have been used hoveewestimulus would need to be
repeated in an infant — or used once per infansad in theJp and Down method
Consequently, the EEG and HRV changes only retetiekling the foot and not to
any stronger stimuli. Testing infants with varidypes of clinically relevant stimuli is
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needed to prove that EEG and HRV characteristidiprawakening or rousability.
More intense stimuli could be applied, ethicalfythiey were going to be used as part

of the surgical or anaesthetic management.

9.3 EEG changes during awakening

9.3.1 Limited to before awakening began

EMG interference obscures EEG signals during mowenaad movement was
almost always a constant feature of awakening.HE® findings were therefore
limited to those before awakening began and cab@abnsidered to represent the
EEG of the awake state. It is possible that thennhivas not truly awake at the time of
the beginning of awakening and that they were lyglmesthetised or sedated.
Nevertheless, they did respond to skin ticklingthle typical situation of an infants
under sevoflurane anaesthesia the following perddEG activity take place when
sevoflurane levels decrease: oscillation, quied, amakening. Awakening has not
been tested in this work.

The same EEG progression may also take place danagsthesia when there is
stimulation that breaks through and in these citance, intraoperative awareness

and distress may occur.

Many LOC studies have been unable to show thaE&iy characteristic
distinguishes sleep and awake states. Perhaps tiesause they were looking at the
point of transition from sleep to awake. In thisrlwthere were changes before this
transition and such changes could be more usetaluse they warn of potential

awakening rather than true awakening.
9.3.2 Limited to a single drug and to a dose range

Other investigators have investigated the EEG &ffdae to isoflurane and
combinations of analgesics and anaesthetic agéhtSheir findings may therefore
not be comparable with this work. In particulardmd colleagues have studied the
EEG effects of sevoflurane in infants and have wskifjher dos&® They found that

EEG power increased as sevoflurane was reducadsafigery and this may be
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explained if higher doses sevoflurane caused Efp@resgsion. Constant and
colleagues found that higher doses reduce totaepbWThe findings of this thesis
are limited to end-tidal sevoflurane dose rangesd than 2.5% which is close to one
MAC in infants older than 6/ but appreciably less than one MAC in younger
infants (MAC in infant <6m = 3.294).

9.3.3 Evoked responses of skin stimulation

The stimulation of skin in this work could have sad evoked changes on the EEG.
This was not tested but is unlikely because the EE&acteristics before and after
surgery, and before and during skin stimulationeasmilar. Nevertheless, evoked
potentials have been detected in awake pretermtsfa response to heel lancing and
skin stimulation and may be present during anas&tAtThe EEG in infants of this
age, and infants less than 52 weeks PMA has #itlizity and evoked potentials

maybe easier to identify than in older infants.
9.3.4 EEG changes with sevoflurane concentration and pain

The association of EEG power to sevoflurane comagah in older infants was

shown clearly but may be related to the scenaribrext necessarily repeatable in
others situations. For example it is possible timate awakening occurs the EEG
power characteristics may not return. This wasseen in the case reported in chapter
8. EEG characteristics, seen before sevofluranetuvasd off, returned quickly when
sevoflurane is restored. More evidence of thismeatan be obtained with parental

consent or by observing clinical situations.

EEG characteristics can change however even utetatysstate sevoflurane
concentrations showing that it is the balanceiafigation and anaesthesia dose that
create the EEG characteristics. This was also shiowre case described in chapter 8
and this kind of situation is commonplace in clalianaesthesia and can be obtained
relatively easily. Further clinical trials couldllfmv from these observations to
determine the doses of analgesics and anaestheigised to prevent EEG or HRV
changes. Extradural analgesia in children overa2syeld has been shown to reduce

the dose of sevoflurane required to maintain ateon®1S° In infants under 2 years
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old however BIS was not reduced by caudal anadatfféghis may be because
either caudal anaesthesia has less cortical effe¢tse BIS algorithm does not match

conscious level in small children.
9.3.5 Power spectrum and band power

The dominance of low frequency signal power is @ughen describing the EEG
power spectrum. Whereas log transformation cancesthis dominance, problems of
interpretation remain when TP, MF and SEF are bgeduse MF and SEF are
dependent on TP. Visual inspection of the spettoavdhat signal power within the
5-20 Hz range are potentially valuable and shoelddnsidered in isolation from
signal power in other frequency ranges. Low freqygrower is also affected by
changes in baseline. These can be removed bysfiltgrslow changes in baseline
signal may be important. No consistent changes s&ga in low frequency power in

this thesis.

High frequency power (less than 70 Hz) was alwaysdnd usually less than 5 AV
Signals in this range maybe markers of consciogseswere not tested.

9.3.6 P5-20Hz

This work found that P5-20Hz band power was a f@kynuseful of depth of
anaesthesia and anaesthesia concentration insrolter than 52 weeks PMA. As
anaesthesia dose increases it is likely that the #H be suppressed and P5-20Hz
will decrease — which could be misinterpreted asgasing conscious level. The
combined use of HRV may prevent this because HR\éugpression is a feature of
effective anaesthesia. In contrast, HRV LF powerdaases in burst with increasing

consciousness and in response to pain.

In younger infants there was low band power in taigge. In one young infant there
were sleep spindles that seemed to come togetlsevafiurane concentration
decreased. In normal development sleep spindlesaafy 4 weeks of age and

become established by 3m. It is speculation busiptesthat the P5-20Hz signal is a
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continuous sleep spindle. If true this suggestsahaesthesia and natural sleep share
some EEG characteristics that develop by 3m (5XsvE&/lA).

The power within the alpha range has been usezstmg of sedative drugs in sheep
because this band power was found to be assoudiétiededatior?™

9.4 HRV changes during awakening

The finding that LF band power has a burst likegratcould change much of the
interpretation of HRV data reported previously. Eaver there are difficulties with
LF power because it incorporates the power caugedehd in the heart rate. Trend
needs to be removed from the RR sequence eith&ulityacting the mean, using the
detrend Matlab algorithm or by applying a high piésr. None of the publications
state what method they used and this may explajnsesime authors have avoided LF

band power altogethé??

The plotting of the progression of band power dirae shows an interesting
variation. The plots shown have used percentagegehband power that may
exaggerate or obscure meaningful changes. Nevesth#iere are no simple power
units other than’s- some authors have chosen to use beats-per-fMivhith makes

comparison between data awkwatd.
9.5 Association of age to EEG power

The relationship of EEG band power has been destilefore by Davidson and
colleague¥® but their data has included the low frequency comepts of the EEG
power spectrum. Data from their unit has been @gE®ed to add strength to the age
relationship of P5-20Hz in this thesis. Many moatadsets from steady state
conditions are required to confirm this initialding. Such data should not be difficult
to obtain if EEG monitoring in infants and childreecomes routine. However steady,
defined conditions (eg absence of surgery) at uaramncentrations of anaesthesia

are needed and this will involve ethical and paakeapproval

There are some interesting possible explanatianatiy there should be a power

versus age relationship. Care should be drawn hemtethe important problem of
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steady signal that is crucial in the calculatiopoWer by FFT. EEG with transients
or tracé alternantor tracé discontinunay be common in young infants and this

makes interpretation of signal power difficult.

The frequency of an EEG oscillation may be relatethe synaptic neurotransmitter
activity. GABA may be the main neurotransmitterafwed in causing
unconsciousness since its receptors are prestdrd ahatomical sites that affect
consciousness and most anaesthetics, includinguvapaesthetics, barbiturates and
propofol, are GABA-ergic. There are GABA receptbanges related to age in
infants. From human cadaver studies the cerebalfumeonates contains only one-
third of the number of GABAreceptors found in an adult and the receptor stdbun
themselves have reduced binding affinity for befiazepines®® The concentration of
GABA receptors identified by positron emission tomogsais much higher in
children aged 2 y than in addftSand these changes are consistent with age-related

concentration effects of inhalational anaesthetics.
9.6 Direction of future investigation

The EEG and HRV patterns in infants and childrealb&ages should be tested during
routine clinical anaesthesia in which a reliableggal painful stimulus can be
observed. Such a study should not, initially, nieedlter the conduct of the
anaesthetic, but as confidence in the observationease, it will become necessary to
test various doses of anaesthetic drugs in thepecesof effective analgesia.
Remifentanil infusions and local anaesthesia makedose anaesthesia feasible and
what is required is a method of showing that theedaf anaesthetic (and analgesia) is
sufficient to prevent evidence of arousal or awakgnThe EEG P5-20Hz and HRV
LF band power are contender variables to monitanfemts older than 52 weeks
PMA.

In younger infants EEG band power is unlikely té¢phmonitor conscious level or

dose of sevoflurane. In these infants evoked piatiemted investigating at light levels
of anaesthesia. These infants are potentially malreerable than older infants to the
toxic effects of anaesthesia and therefore, ifmareould be contacted early enough,

and given sufficient time to consider the reseattodly may consent to allow their
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infants to enter a randomised clinical trail conipgthe suppression of EEG evoked
responses by anaesthesia. A pilot study to showatieence of evoked responses and
their return as anaesthesia wanes may be acceptatene parents. A difficulty to
overcome will be the choice of stimulus which wided to be sufficiently intense to

evoke a response.
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10Appendices

10.1 Details of ethics approvals, correspondence refereas, dates of

studies and numbers of patients studied

A summary of ethics committee approvals, amendmentsespondence, dates of

studies and numbers of patients studied are pregémiTable 10-1The studies were

approved by the Ethics committee and Research andl®pment Department of the
Institute of Child Health and Great Ormond Streespital NHS Trust. The Project
R&D number was 03AR16

Table 10-1. Summary of protocols and ethics conemittpprovals

Title Protocol | Process & Details and key questions (Q) PatierJt@atients
VETSION | gates of letters/ allowed | studied

approvals

Developmentofa |1 Initial R&D Advice of ethics chairman

reliable auditory registration sought.

stimulus for infants August — Dec Q: Can response to noise be used

during anaesthesia to stimulate infants during?
2003

Arousal of infants | 2 Ethics approval| NB: change of title 30 2

to noise during obtained Q: What is the arousal responsg

recovery from 10th Dec 2003 | of infants to noise during

anaesthesia recovery from anaesthesia?

Arousal of infants | 3 Non-substantial Noise was not effective 18

to noise during amendments Amendments:

recovery from requested

thesi change of noise
anaesthesia Approved by
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Ethics
committee

chairman

13th May 2004

harmless stimulation

observations during natural sles

EEG changes Non-substantiall NB: change of title 30 9
during anaesthesia amendments Amendments:
and awakening in requested and
in noise no longer used
Infants approved by
: extra EEG channels

Ethics

committee Q: What are the EEG and HRV,

chairman changes during anaesthesia and

awakening in infants?

21st Feb 2008
EEG changes Substantial Addition of multiple trivial 21
during anaesthesia amendments | stimuli
and awakening in requested and blood pressure cuff inflation
infants approved by

foot ticklin

Ethics sub- g

committee

15 Jan 2009
EEG changes Amendments | Does the EEG signal reappear [if10 Nil
during anaesthesia declined anaesthesia is re-established

and awakening in

infants

17 March 2009

Full ethics
approval

obtained

15th June 2009

after recovery has begun?
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10.2 Abstracts of presentations

10.2.1 ESPA Warsaw 2009

The following abstract was presented at the AnSeantific Meeting of the
European Society of Paediatric Anaesthesiology ardéw on 10th September 2009

THE EEG DURING AWAKENING FROM ANAESTHESIA IN INFANT S

Sury MRJ

Department of Anaesthesia, Great Ormond Streetitddbsmd Portex Unit of
Paediatric Anaesthesia, Institute of Child HealLJUK. Email:
surym@gosh.nhs.uk

Introduction Processed EEG monitoring of consciousness, dewtliopedults, may
not be reliable in infants.(1) The normal EEG déts is different to that in adults
and EEG data from infants during anaesthesia anesapAre there characteristics of
the EEG that could be used as a monitor of anagatbepth and to indicate whether
or not an infant will awaken? Davidson and collezggtound that mean EEG power
decreased before awakening in children older tmamBaesthetised with various drug
combinations.(2) This study analyses EEG data frdants awakening from
sevoflurane anaesthesia and searches for chastictpatterns.

Methods The study was approved by the local ethics comendted parents gave
written informed consent. All infants were anaetifeel with sevoflurane in
oxygenated air and mechanically ventilated. Anafgess appropriate for the
surgery. Silver cup scalp electrodes were appbegdord EEG from frontal and
centro-parietal montages. Recording began aftgesuhad ended. Sevoflurane
administration was continued at surgical levelsdiee minute and then turned off.
Infants were unstimulated except for tickling atfoontinuously until awake. EEG
was recorded using a Grass Telefactor “Aura 10s38tem connected to a PC.
Analogue filters limited data to between 0.3 andHz0 The input range was +2 to -2
millivolts, digitisation was 400 Hz and signal regmn was 0.06 pV. Off-line, raw
signals were visually inspected for obvious ostidlas, patterns and non-EEG
artefacts and analysed with discrete Fourier tansdition using Matlab signal

processing software. Signal power was calculateégochs of 6s; frequency band
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resolution was 1Hz. Events were recorded by a vioee-linked to the EEG. Data
capture ended when infants were awake for one mi@riteria for awakening had
been developed in a previous study by consenstis3@itonsultant anaesthetists.
ResultsFourteen infants were studied. Visual inspectioowsdd two obvious phases.
After awakening started there were large changésaithaseline, bursts of EMG
activity and other non-physiological artefacts. @efawakening signals were
constant and 2 patterns were obvious that wereted with age. The youngest
infants had low amplitude signals (<10 pV) whereesoldest infants had
appreciable amplitude (>50 pV) in mixed frequentiesveen 3 and 20 Hz; this
pattern was prominent during anaesthesia but destlesfter sevoflurane had been
turned off. Visualisation of power spectrum arragafirmed these observations. In 8
infants older than 52 w (postmenstrual age (PMBg)gower within 5-20Hz
frequency bands decreased after sevoflurane wasdwff and almost disappeared
approximately one minute before awakening began.

Discussionin infants older than 52 w PMA, there were chanastie power spectrum
changes before awakening from sevoflurane anaéstiines may be a useful warning
of awakening. These findings are similar, but werse, to those described during

induction of propofol anaesthesia in adults.(3)

(1) Davidson AJ. Measuring anesthesia in childengithe EEG. Paediatr Anaesth
2006 Apr;16(4):374-87.

(2) Davidson AJ, Sale SM, Wong C, McKeever S, Shep®s, Chan Z, et al. The
electroencephalograph during anesthesia and eneergemfants and children.
Paediatr Anaesth 2008 Jan;18(1):60-70.

(3) Koskinen M, Mustola S, Seppainen T. RelatioeBfG spectrum progression to
loss of responsiveness during induction of anegthveish propofol. Clinical
Neurophysiology 2005 Sep;116(9):2069-76.

This research was supported by funding from théeRRdgnit ICH UCL.
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10.2.2 ARS London 2009

The following abstract was presented at Anesthieesearch Society in London on
4th December 2009

EEG CHARACTERISTICS IN INFANTS DURING AWAKENING FRO M
ANAESTHESIA

Sury MRJ, Bould D

Department of Anaesthesia, Great Ormond Streetitédbsmd Portex Unit of
Paediatric Anaesthesia, Institute of Child HealtbLlJUK. Email:
surym@gosh.nhs.uk

Processed EEG monitoring of consciousness, dewlopadults, may not be reliable
in infants.(1) The normal EEG of infants is diffetéo that in adults and EEG data
from infants during anaesthesia are sparse. Are ttfearacteristics of the EEG that
could be used to indicate whether or not an infaltawaken? Davidson and
colleagues found that EEG power decreased befaa&eawng in anaesthetised
children older than 6m (2) whereas Lo and colleagaend that EEG power
increased(4). This study analyses EEG data froantefawakening from sevoflurane

anaesthesia and searches for characteristic pattern

The study was approved by the local ethics comedted parents gave written
informed consent. All infants were anaesthetisatl gevoflurane in oxygenated air
and mechanically ventilated. Analgesia was appab@ifior the surgery. Silver cup
scalp electrodes were applied to record EEG framtél and centro-parietal
montages. Recording began after surgery had eSds@flurane administration was
continued at surgical levels for one minute anch thiened off. EEG was recorded
using a Grass Telefactor “Aura 10-20” system. Agatfilters limited data to
between 0.3 and 70 Hz. The input range was +2 toiliolts, digitisation was 400
Hz and signal resolution was 0.06 pV. Off-line, rsignals were visually inspected
for obvious oscillations, patterns and non-EEGfacts and analysed with discrete
Fourier transformation using Matlab signal procegsioftware. Signal power was

calculated for epochs of 6s; frequency band relsolwas 1Hz. Events were recorded
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by a video time-linked to the EEG. Data captureeghdhen infants were awake for

one minute. Criteria for awakening had been dewslap a previous consensus study.

20 infants were studied. Visual inspection showeal dbvious phases. After
awakening started there were large changes inabelibe, bursts of EMG activity
and non-physiological artefacts, whereas beforekamiag few epochs had
interference. Before awakening there were 2 patteonfirmed by power spectra. In
infants <52w post menstrual age (PMA) summated povithin 5-20Hz remained
<100 pV2 until awakening began. Older infants hosvéhad power >100 pV2 during
anaesthesia which decreased to <50 uV2 at least hafore awakening began. In
addition older infants had appreciable power ima@arpnent frequency usually
between 8 and 16 Hz during anaesthesia that blendledackground EEG before
awakening began.

In infants older than 52 w PMA, there were chagastic power spectrum changes
before awakening from sevoflurane anaesthesiarbgitbe a useful warning of
awakening. These findings are similar, but in regeto those described during
induction of propofol anaesthesia in adults.(4)

(1) Davidson AJ. Paediatr Anaesth 2006 Apr;16(4:87
(2) Davidson AJ, Sale SM, Wong C et al. Paediataesth 2008; 18(1):60-70
(3) Lo SS, Sobol JB, Mallavaram N, Carson M etRdediatr Anaesth 2009; 25

(4) Koskinen M, Mustola S, nen T. Clinical Neuroplojogy 2005; 116(9):2069-76.

This research was supported by funding from théeRRdgnit ICH UCL and the
Trustees of Great Ormond Street Hospital.
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