% & # #
) s
+ + +
$) - * * ]
/ * + ",0+-112




Electroencephalography of Premature Infants

Author: Rhodri Owain Lloyd

NATIONAL UNIVERSITY OF IRELAND, CORK

School of Medicine
Department of Paediatrics and Child Health
University College Cork
Ireland

Submission date for the degree of DoctoR¥flosophy
04/09/2020

Supervisors:
Professor Geraldine Boylan
Dr Peter Filan

&E :}Zv K[d}}o

Head of Department:
ProfessorDeirdre Murray



Declaration

The thesis submitted isthe v ] § [« }JAv A}EI v Z « v}§ vV ep ulss (JE

degree, either atUniversity College Cork or elsewhere.

04/09/2020

Rhodri Lloyd Date



Contents

IS A0 T U TR 9
LISt Of TADIES ..o 11
TRESIS ADSIIACL. ...ttt 13
ADDIEVIATIONS. ...t 19
ACKNOWIEAGEIMENTS ...ttt e e e e et e e e e e e e e e e e e e e emennnnnes 21
Publications arising from thisS TReSIS...........ovuiiiiiiiiiii i 23
PrESENTALIONS. ...ttt e e e e e e e as 25
TRESIS SHUCTUIE ....ciiiiiit ettt e e e e e e e 26
Chapter L. INtrOUCTION ...ttt e e e e e e ames 28
O IO o (=T 0 0 F= (U] SRR 29

1.2. Fetal Brain DeVelOpPMENL.........ccooiiiiiiiiiiiiiiiiie e 30

1.21. Gastrulation & Neuroectodermal Progenitor Cells.................... 30

1.2.2. NEUTUIATION. ...ttt 30

1.2.3. Neuronal Proliferation...............ccccouiiiiiiiieiiiiieeeeee e 32

1.2.4. Neuronal Migration................uueeeeeeemmmnsssees s s eeeeeeeeeeaaaeeeas 32

1.2.5. NeuronalOrganization..............coouvieiiiiiiiiieiiiiiieeeeeeeieeeeeeeeeeeiaeees 33

1.2.6. MYEINALION.......uuuiiiiiecce e 34

1.3.  Preterm Labour and Birth.............c..ooeiiiiiiiiiieeeeee 35

1.3.1. Multiple Pregnanci@s............ccccceeeiiiiiiiiiiiieieeeeeeeeeeeeeeeaaeaaes 35

1.3.2. DEIVEIY ...t 36

1.3.3. RESUSCILALION ....cciiiiiiiieiiiiiie ettt 37

1.3.4. Assessment at birtht Apgar Score...........oocceiiiiiiii e 37

1.4. Preterm Infants in the NICUL..........ccooiii e 38




1.4.1. Assessmendt birth t CRIB Il SCOLE.........ccvvvviiiiiiiiiie e 39

1.4.2. Complications of prematurity...........ccccceevveeeeeriiiiiiiiiiiiieeeeeee.... 40
1.4.3. Treatment of Preterm Infants.............ccccceeiiiieee .. 49

1.44. Neuro-imaging & Monitoring the Preterm Brain.............c......... 52

1.5. Electroencephalography (EEG)......ccccooiiiiiiiiiiiiiiiecceeiie e 54
1.5.1. HiStory Of EEG.......uuiiiiiiiiiiiiiiiiiiieeee e 55

1.5.2. Physological principles of EEG............cccoovviiiiiiiiiiieiiiiiec e 56

1.6. Normal Preterm EEG.........coooiiiiiiiiiiiieeeeeie e 62
1.6.1. Influence of pematurity..........cccoeeiieiiiiiiiiiii e, 72

1.6.2. Influence of Genetics and Environment.............ccccceoviiveeneennne. 75

1.6.3. Influence of MediCation............eevviiiieiiiiiiiiie e 76

1.7.  Amplitudeintegrated EEG (QEEG)...........cuvvvvimiiiiiiiiiiiiiiei e, 78
1.7.1. Preterm aBEG..........cooi i 79

1.8. Abnormal Preterm EEGShort term diagnosis............cccceeeeviviiiiienicceeee, 83
1.9. Abnormal Preterm aEEGhort term diagnosis...........cccccceeveeiiiiiniinnee. 91
1.10. Preterm EEG/aEEG as a prognostic.taal.................cccovvviiiiiiiiiiieennnn, 92
1.10.2. EEG MOHOIING.....uuiiiiiiiiiieeeee ettt siebbeee e e e e e e e e 93
1.10.2. aEEG MONItONNG.....coiiiiiiiiiieie et e e 97

1.11. Preterm aEEG/EEG SEIZUIES........ccuuuiiiiiiiiieee e 98
1.11.1. EEG MONIOIING....cceiiiiieiiiieieeeeeeeeeee ettt 99
1.11.2. aEEG MONITONNG....uuuuiiiiiniiiiiiiiisiees e s e e e e e e e e e e e e e e e eaeaaaaanaeaaaeeees 100

1.12. Neurodevelopmental OUICOME...........ccuuiiiiiiiiiiiiee e 102
1.12.1. Bayley Scales of Infant and Toddler Developmiht.................. 103

1,130 SUMMAIY....cciiiiiiiiiiii et 105
1.14. Aims and Scope Of ThESIS.......cccvvviiiiiiiiii e 106
Chapter 2. MethOdOIOgY ........ueeiiiiiiiiiieie et 108




2.1.  SUDJECtS & SettiNgS........ccoeee e e 109
2.2. Ethical approval and study protocal.............cccoeeeeiiiiiniiiiiiiieeeeeeeen 111
2.3. EEG data aCqUISItION............euvuuiiiiiiiiiiiniiiiiiissss s e e e e e e e e e 111
2.4. EEG electrode applicatignioCedUIe...........ccoeiiiiiiiiiiiiieiieeee e 112
2.4.1. Electrodepreparation...........cccceuvveuiiiiiiiieeeeeiiiis e 114
2.4.2. ElectrodeAppliCatioN..........oooiiiiiiiiiiiiiiii e 116
2.43. Data Storage anBroteCtion...........cccceeeeeiiiiiiiiiiiii e 118
2.5.  EEG Visual @NalyYSIS.........uuueiiiiiiiiiiiiiiiiiiiiieeee e 120
2.5.1. Artefact Identification.............cceeeiiiieeiiiiii e 120
2.6. Neurological Developmental Analysis Co C[e..x/llle.................. 122
2.7.  StatistiCal @NalYSIS.......uuuuuuuuiiiiiiirerr e 122

Chaper 3. Predicting twoyear outcome in preterm infants using early multimodal

physiological MONITOIING. .......uuuiiiiiiiiiiiieie e 123
3.1, INEOAUCTION. ..cciiiiee et e e e e 124
3.2, MENOAS. ... 125

3.2.1. PartiCIPantS.......ccouuuiiiiiieieeeiiiee e 125
3.2.2. PhysiologicaRecordings: EEG, Sf#Dd HR.............coovvvvvvvveeneee. 125
3.2.3. EEataColleCtioN.........ccooiiiiiiiiiiiiieee e 126
3.2.4. Additional data COlleCtion.............cccevviiiiiiiiiiiieeec e 127
3.2.5. Assessment of Clinical Course.............cccovviiiieenieeiiiiiiiiiiie, 128
3.2.6. Twoyear outCome asSeSSMENL........ccovvvvviieiiiiiiin e e 128
3.2.7. Statistical ANalySIS........ccccuiiiiiiiiiii 129
3.3, RESUIS. .. s 130
3.3.1. SUDJECTS. ..o 130
3.3.2. CIiniCal COUISE SCOME........cccuiiiiiiiiiiieeee e 132
3.3.3. EEG AMFISIS . e.vevveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeen e eeeneeean. 132




3.3.4. OULCAMNE ASSESSIMEIT . ..uuiuieir ittt ee ettt e e eren e reneneenss 133

3.3.5. Data @nalySiS.......cueeeiiiiiiiiiiiiiii e 134

3.4.

DI oD 1] (o] IR 137

Chapter 4.Electrographic seizures during the early postnatal period in preterm infants

[€SS than 32 WEEKS.........uiiiiiiiiiiiii e 141
4.1, INETOTUCTION .....eiiiiie ittt e e 142
4.2, MEENOUS.....ooiiiiiieii e 143

4.2.1. PartiCIPAnTS.......ccuuuurririiiieiineiienssssss s s e s s s s e e seeeeaaaaaaeaaaaaaaeaees 143
4.2.2. EEG RECOIAING.....cciiiiiiiiiieieie et 143
4.2.3. S€eizure analySiS.......ccceeiiiiiiii e 143
4.2.4. Seizure CharacteriStiCs...........uuueririiieeiiiiiiiiiiieeeee e 144
4.2.5. Additional data colleCtion.............c.ueveeriiiiiiieeiiiiiee e 146
4.2.6. StatisticalANalySIS.........coooiiiiiiiiiiii 146
4.3, RESUILS....ooiiiie i 146
4.3. 1. SUDJECES...ceiiiiiiie i 146
4.3.2. SEIZUIe RAAIYSIS.......coeeiiiiii e 147
4.3.3. Seizure CharacCteriStiCS..........uvveeriiiieieeiiriiie e 150
A4, DISCUSSION.....uuiiiiiiiiieee ettt ettt e e e e e e e e e e et e e e e e e e e s bbb reeeeaeeeeans 152

................................................................................................................ 158

5.1 INFOTUCTION ...cciiiiiiiiee e e e e e e 159
5.2.  Materials and methods............cccoiiiiiiiii e 160
5.2.1. Development of EEG assessment scheme.............cccoeeeeeveens 160

5.2.2. First- step analysis (Data Group.l)............ceuvvevvvvrrmmennnnnnnnnnnnnns 161

5.2.3. Second step analysis (Data Group.2).........ccceeeeeeeeeieiiiieneneeeen. 162

5.2.4. Third- step analysis (Data Group.3)........c.ceevvveeeeeeereeeeneeneennnnnnns 162




5.2.5. Statistical ANaAlYSIS..........uuuuriiiiiiiiiicrrsr e 163
5.3, RESUILS. . 163
5.3.1. Preliminary SteP.......cuuviiiieieiiiiiiiiiiiieeinssss s e e e e 163
5.3.2. FISt-Step @nalySiS........uueriiiiiiieiiiiiiiiiiiie et 164
5.3.3. Second step analySiS......ccccoeeviiiiiiiiiiiiiee e 166
5.3.4. Third-sStep @analySiS.........ccooiiiiiiiiiiiiiiiiieeee e 176
5.4, DISCUSSION. ...ceeiiiiieeeeeaiiet ettt e e e e e e e e e e e e e e e e e r e e e e e e e e e e 181

Chapter 6.Mathematical and visual analysis of satiEEG concordance in preterm twin

11 221 T PP PUUTPPPUPP TP 186
B.1.  INTrOAUCTION. ...ciiiiiiiiiie ettt 187
6.2. Material and Methods.............ooviiiiiiiiiii e 187,

6.2.1. ParticipantS.........cccceeee i 187
6.2.2. Data COIECHION........cceiiiiiiiiieieeee e 188
6.2.3. EEG ReCOrdiNg.......ccuvviiiiiiiiiiiiiiiie et 188
6.2.4. VISUAEEGRNAIYSIS.....ccvviiiiiiiiiiiiiiee e 189
6.2.5. MathematicalEEG analysiS...........ccccccvviiiiiiiieiiiiiiiiee e, 190
6.2.6. StatistiCalANAlYSIS...........ooeviiiiiiiiieieieeeeeeee e ————————- 191
6.3, RESUIS. ... 193
6.3.1. Patient CharaCteriStiCS.........cuuvvveiiiiiiiiie e 193
6.3.2. Visual EEG ANAIYSIS........coooiiiiiiiiiiiieiiee e 195
6.3.3. Mathematical EEG analysis within twin pairs..................c........ 197
B.4.  DISCUSSION. .....cciiiiiiiiiitite et e ettt e e e e e e s e e e e e e e e e e e anneees 201

N AN S 2. .o e e ——— 207
.0, INTTOAUCTION. . 208
VA |V, <] { 4o 1o - UPTTR 209




7.2.1. PartiCipantS.......cccoeeiii i 209

7.2.2. Demographic and clinical data............cccccccooviiiiiiiiiiiieeeeieennn 209

7.2.3. EEG BCOrdiNg....ccooeiie e 210

724, EEG BUING........oeoeoeeeeeeeeeeeeeeeeeeeeeeee e 211

7.2.5. Assessment dlleonatalClinical Course.............ccoovvvveeeeinnnnnnnns 213

7.2.6. TWOYearoutCOmMeEaSSESSMENL.........uuurrrurrniniiiiiieaaae s 214

7.2.7. Statistical ANalYSIS.......ccoovviiiiiiiiie s 214

7.3, RESUIS. .. 215

7.3.1. Demographic and clinical data................ccccoeiiiiiiiiiiiiiiiieeee, 217

7.3.2. EEG ReCOrding.......cccceeeieeieieiiieeee et 218

7.3.3. EEG Grading......ccooeeieiieeee e 218

7.3.4. Demographic characteristics and Outcome Assessment....... 222

7.3.5. EEG and Outcome ASSESSIMENL.........coviuvviviiiireeieee e e e 224

7.3.6. Clinical Course and Outcome Assessment..........cccceeeerrivnnnen. 229

T4, DISCUSSION. ....cciiiiiiiiiitittee et e e e e e e e e ettt e e e e e e e s e r e e e e e e e e e e e annnenees 230
Chapter 8. DISCUSSION..........uuuiuiiiiiee i e e e e e eeee ettt s e s s e e e e e e e s amreseaassaa e e e s eeaeeeeaaaeemres 236
8.1. Summay of Main fINAINGS.......cooiiiiiiiii e 236

8.2. Significance of findings and contribution to literature.......................... 238

8.3.  Future reComMmeNdationsS..........ccoeviiiiiiiiiiiiiieie e e 246
REIEIENCES. ...ttt e e e e e e e mr e 250
Y 0] 01T T Lo 287




List of Figures

Figure 11 Normal brain development timeline of brain cCircuits......................cccceeee. 30
Figure 12 Brain development from embryo to child.............cccoooeoe 31
Figure 23 Neuronal Migration...........cccuviiiiiiiiiiieee et e e e e e e 33
Figure 14 A longitudinaland transverse section of a nerve fibre............ccccoveennnn 34

Figure 15 Dichorionic diamniotic and Monochorionic diamniotic twins in the placentz86

Figure 16 Intraventricular haemorrhages at four different grades of severity (?"WH &and

CRUS ige of Bilateral Intraventriculdraemorrhage...............ccc 41
Figure 17 MRIIMAgeSs Of PVL......iiiiiiiee e 43
Figure 18 Pathology of Retiopathy of Prematurity................ccccoeeeeeeieeeeeee 48
Figure 19 Picture 0HANS BEIGEL.........cuuiiiiiiiiiiieee e 55
Figure 110 The origin of EEG potentials.............ooooooiiiiiiieeeeeeeeeeed 57
Figure 111 The international 10 measuring system for EEG placement.................. 58
Figure 112 International 10/20 system modified as used in neonates........................ 59
Figure 113 Example of a Bipolar and Referential montage..............ccccoveeeeeieiinnnnnnnes 61
Figure 114 All EEG frequency bands derived from the raw EEG................................ 62
Figure 115 Maturation of preterm EEG featUres............oocuviveiiiiiieeei e 63
Figure 116 The EEG continuity change with increased. GA............ccccoiiiiieeeieiiins 65

FHgure 117 Spontaneous activity transients (SATs) recorded fromdd@led EEG amplifigrs

..................................................................................................................................... 73
Figure 118 EEG discontinuity changativage.............ccuveeeviiiiiiniiiiiie e 80
Figure 219aEEG ClasSIfiCAtiON...........oooiiiiiiiiiiieiiieeii e 81
Figure 120 Burdjalov aEEG background Scoring SYStemML..........uuuueeiiiiiieiieeiieeeeeeeeennn 82
Figure 121 The timing of brai insults and impact on EEG findings............ccccccevnnnnnnad 34
Figure 122 Example of Disorganised PatternS...........ooiuvriiiiiieeieeeeee e 36
Figure 123 Example of immature Dysmatur@ierns.............ccoovuuviiiieeeeeeeiiiiiseeeeeeeennnns 87
Figure 124 Example of Positive Rolandic Sharp Waves............ccccceeeeiiivieiiiieiiieeeeeeeenn, 88
Figure 125 Example of Positive Temporal Sharp Waves...........cccccccecviiiiiiniiiiiiiieee, 88
Figue 1-26 Example of a mechanical/abnormal brushes before and after filtering.....89
Figure 127 Example of an aSymMmetry...........uiiiiiiiiii e 90
Figure 128 Example Of @SYNCNIONY...........uuuiiiiiiiiiiiiiiiii e a1

9



Figure 129 Absence of aEEG sleep wake CYClNG..........uuuuuuriiiiiiiiiiiiiiiee e, 91

Figure 130 Increased discontinuity and seizures seen on aEEG and.EEG................ 92
Figure 21 lllustration of which cohorts were studied in each result chapter.............. 110
Figure 22 Three EEG machines used fecarding the neonatal EEGs......................... 113
Figure 23 International 10/20 system modified for neonates..............ccccceeeeveeeeeeeenn. 114
Figure 24 Labelling the positions on the electrode surfaces.........cccccccvvviiiiiiiieennnn. 115
Figure 25 Labelled electrode SOCKeL...........uuiiiiiiiiiiic e 115
Figure 26 Prelabelled electrodes positioned inside theskinette..................cceeeeen. 116
Figure 27 Cover electrode with tape and Paste............ooccvviiiiiiieeee e 116
Figue 2-8 Electrode positions on right hemisphere covered with tape...................... 117
Figure 20 CPAP hat closed ready for recording...........cccoeeeeeiiiiiiieiee 117
Figure 210 Examples of EEG artefacts witnessed in neonatal EEG recordings....... 121
Figure 31 Example of multimodal Signals.............ccooiviiiiiiiieeeee 126
Figure 2 Timeliv  }( Jv( vS[e 8 C Jv.8.Z..El.h.......... 129
Figure 33 Flow chart of the infants who were eligible and included into the study....131
Figure 34 Boxplot of scores from all 3 Bayley Il domain subscales..............ccccco...... 134
Figure 41 Example of a seizure inpaeterm infant.............cccccociiiei e 144

Figure 42 Metrics to characterise the temporal evolution of seizures for each infant145

jes

Figure 43 Flow chart of the study population...............ooooiiiiiieiie e 147
Figure 44 Multichannel EEG/aEEG recording, displaying seizure identification challen
L1t = L= = RS PPRP 148
Figure 45 Distribution of instantaneous seizure burden over time..........ccccceeeveeeeennn. 152
Figure 51 First verson of the assessment SCheme...........cccooecvvvviiiiiiie e 164
Figure 52 The final version of the assessment scheme............cccccoeveiivieviiiiiiie e, 169

Figure 53 Examples of some abnormal waves and abnormal features identified in the

EEG

ASSESSIMENT SCNEIME..... .t 176
Figure 61 Synchronised EEG of MCDA tWiN PAIL...........ccccuuiiiiiiiieeeeeeeisiiiieieeee e 196
Figure 71 Examples of EEGs from four different infants, presenting varying degrees

oY) 0] 40 0 F= URSTCLY LT PSPPSR 212
Figure 72 dJu o]v }( getymdHe NICU.........ccoviiiiiiiie e 213
Figure #3 Flow chart showing number of infants recruited................ccoevviiiiiinneeenns 216
Figure 74 Serial EEG grading during MONItOMNG..........uuuurvrireiiiisessse e ee e e 222




List of Tables

Table 11 Apgar SCOMNQG SYSIEML......cccce e 38
Table 12 Combined Papile and Volpe grading ClasSIITER ................cccvvvviieiieeeeeennnnns 41
Table 13 Maturation of the background, EEG features and behavioural states of prete
12T 0| T PP P PP PPPPPTOPPPRPN 71
Table 14 Watanabe clasBcation of Acute Stage Abnormalities............ccccceeeeiiininnnnee. 85
Table 21 Collected data during the infants stay in the NICU...................ccc 119
Table 31 Definitions fa major neonatal complications..............cceeiviiiiiiiiiiiiiie e, 128

Table 32 Clinical demographics of the infants, and EEG grading comparing witnts

the

(sfeTeTo Ir=TaTo Moo ) ol UL ole]y o= PP PPPPPPPPPPPPPPP 132
Table 33 Confusion matrix of the EEG normality and relationship with the normality of
three Bayey Il dOmain SUDSCAIES.............ovviiiiiiiiiiiiiiiii e 133
Table 34 Feature ranking tableoenparing features for model inclusion....................... 135

Table 35 Odds ratio (OR) for four features individually (unadjusted OR) and combined

within the logistic regression model (adjusted OR)..............coovvvviiieeireeeeeieiiiiriinnnnannns 135

Table 36 Univariate analysis and multivariate analysis for prediction of good and poor

D
»

neurodevelopmental OUICOMIE...........oii it e e e e 136
Table 41 Clinical demoaphicsof the infants, comparing infants with and without seizur
................................................................................................................................... 149
Table 42 Preterm infants with seizures: Demographic, chh&nd electroclinical

(03 0= U= Toa (=] 57 o0 SRR 150
Table 43 Temporal characteristics of seizures for each infant.................................. 151

Table 51 Clinical demographics of the infants included in the first step analysis......165

Table 52 K-Scores between the two observers from the first step analysis............... 166

Table 53 Clinical demographics of the infants incladie the second step analysis.....167

Table 54 Clinical demographics of the infants included in the third step analysis.....177

Table 55 K- scores and percentage agreentdar interobserver agreement between two

E% ESe ]V % 3] v3e[ ' A op 3]}v v }ve] ..E]V.R..](L78

Table 56 K t scores and percentage aggments for all EEG features.......................... 179

11

L
<

U



Table 57 Percentage of agreement between the two experts for all fieature categories

N CACKH PALIENT. ...cii i ittt e e e e e e e e e r e e e e e e e e e 180

Table 58 Percentage agreement between the two experts for normal and abnormal

features iN @CH PALIENT............uiiiei e e e e e e e e e e e e e e e e e e e e e e e e eeaaes 181
Table 61 EEG recording comparisons between twins and singletons....................... 194
Table 62 Clinical demographics of MCDA, DCDA twins and singletans................... 195
Table 63 Correlation values between twin and singleton pairs..........ccccooeevvevvvinnnnnn.. 196
Table 64 Correlation values of within the twin pairs at three different thpeints.......... 197

Table 65 Adjusted for age Intr&lasscorrelation (ICC) values of all twin infants, MCDA

A

infants, DCDA infants and control SingletQns..............ccoviiiiiiiiiiceiiii e, 199
Table 66 Unadjusted for age lrd-class correlation (ICC) values of all twin infants, MCD
infants, DCDA infants and control SiNgletQnS...............uuviviiiiiiir e 200
Table 71 Table illustrating the epochs used to for each EEG periods....................... 210
Table 72 BEEG grading for preterm infantS...........cooovuiiiiiii i 211

Table 73 Clinical demographics and characteristics of all the infants and outcome.217

Table 74 All grades of each EEG recording in addition to the complications the infants

experienced during their hospitalizatian.............cccovieiiiiiiiiii e 220

Table 75 Clinical demographics and characteristics of all the isfantd comparing infants

With @ goOd anNd POOT OULCOMIB. .....uiiiiiiieieeeie ittt e e e e e 223

Table 76 EEG during first 72 hours, 32 weeks and 35 weeks predicting 2 year outcom

b in all

V= T E= o] (SN 0] £=1 01 £ VTR 225

Table 77 Results of multivariate logistic regression tests with only the possible confou

nding

(ol [T a1 Tox= 1Rz 1 £ =1 0] (=1 TUUu TR TP 226

Table 78 Number of preterm infantsvith different EEG grade evolutions from EE®

EEGE35 and their neurodevelopmental QUICOME. ...........uuvvvviiiiiiiiirceeee e 227

Table 79 Uncomplicated and Complicated clinical course predictigge? outcome in all

available infants with all EEG TIREBINTS.........oooiiiiiiiiiieeeee e 229

Table 710 Combination of Clinical Course and E¥SGpredicting 2/ear outcome in all

VY|l o (SN 0 = 1] £ U 230

12



Thesis Absact

Background andDbijectives

The early prediction of neurodevelopmental outcome in very preterm infants remains
challenging. An objective toulith the potential to provide useful informatioabout preterm
brain healthis the electroencephalogram (EBEGit current knowledge remains aomplete

in infants of this age group. The ability to record continueosiventionalEEG is usually
overlooked due to the ease of application and maintenance of the amplintgrated EEG
(aEEG)TheaEEG s routinelyused to identify seizuresassess bekground EEG and predict
outcome despite the fact thait has considerablémitations for preterm infants in particular.
Research usingonventional multichanneEEG ipreterm infantsis ongoing but studies tend

to be d short duration and at varyingeriods postbirth. To progress and achieve future
information about the predictive ability of EEG feeurodevelopmental outcoma preterm

infants, morein-depth analysis is required

In this thesis | aim to progress cuent knowledge in very preterm fants <32 weeks
gestational age (GA)y investigatingthe ability of EEGo assess neurological wellbeing and
to predict neurodevelopmental outcome at 2 yeaFRurthermore, laim to investigateand
described the frequency ral characteristics of electrographic seizures during the early
postnatal period in very preterm infants, and compare this to the existing literature. In
addition, laim to develop standardised scheme for assessing both themal and abnormal
EEG feature of preterm infants according to pestenstrual age. Finally,aim to investigate
the EEG of preterm twinand asses&EG concordance between monochoriediamniotic

(MCDA) and dichoriondiamniotic (DCDA) twins.

Methods

Two cohorts of peterm infants<32weeks GA were recruited from 200014 (cohort 1; 2009
t 2011 and cohort 2; 2013 2014). All infants had continuous conventional vide&G
monitoring. TheEEG from cohort 1 were recordeds soon as possible after birtivhile the
EEGs fromcohort 2 were recorded within the first 12 hours ofage continued for

approximately 72 hoursvith further short followrup recordings at 32 weeksorrected

13



gestational agandat pre discharge. EEG was graded as normal (normal or raiteigrmal)
and abnormal (modextely abnormal or severely abnormal). Clinidamographics clinical
risk scores andetails of theclinicalcoursein the NeonatallntensiveCare Unit (NICU were
also collected.Neurodevelopmental outcome was assessed at 2 years of age via the Bayley

Scales of Infant Developmesitl (Bayleylll).

We used cohort 1 to developmultimodal modelfor the prediction of neurodevelopmental
outcome This model incorporategimultaneous milti-channel electroencephalography
(EEG), peripheral oxygen saturati&QC,), and heart rate (HR) recordingSne-hour epochs

of EEG, HR and Spfere then extracted at 12 and 24 hours of age from each recording. EEG
grades were combined witlisA and quantitative features of HR and Spi@ a logistic
regression model to predicutcome.dinicalstatuswas also incorporated into thenodelto

predictneurodevelopmental outcome.

EEGs from both cohorts wetsed toexamine seizures very preterminfants. Theentire
video-EEG recording for each infant was revievaedall electrographic seizureaere visually
identified, annotaed, and analysd. Quantitative descriptors of the temporal evolution of
seizuresverecalculated including total seizure burdeneanseizure duration, and maximum
seizure burden. For each seizure, the @ndocation, morphology and evolutiomwere

described.

We used chort 1 to developa standardised EEG assessmsetiemefor preterm infants
Initially a comprehensive literature review was performed by ®lectroencephalographers
(EP & R to identify exsting descriptions and definitions of both normal and abnormal EEG
featuresof preterm infants. Thisvasfollowed by development and testing phasef a new
standardised EEG assessmeacheme Two neonatal EEG expertsiot involved in the
developmentphas of the study then evaluateitie schemeusingrandom?2-hour EEG epochs
from 24 infants <32 week&A Where disagreements were found betwebath experts, the

features where further checked and modified. Finaldpth expertsused the schemeo

! Elena Pavlidis and Rhodri Lloyd
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independenty evaluate 2-hour EEG epochs from 1additional infants <37 weeks GA.

Percentage of agreement between observers were calculated.

In the penultimate studyusing infants from cohort,2he concordance between continuous
videoEEG recordingsn preterm twn pairs was examined. EEGs commencadost
synchronouslyn twin pairsand continued until the infants were approximately 72 hours of
age, while additional, shorter recordings at 32 weaksl post discharge were also recorded
in unison. Visual EEG integtation was assessed using standardised criteria friie
previous chapter. Correlations were estimated within twin pairs and compared te age
matched singletons. Additionally, quantitativenathematical EEG features were extracted
and generated to represd¢ EEG power, discontinuity, and symmetry. While controlling for

GA intra-class correlations (ICC) estimated similarities within twins.

For the final studyEEGdrom cohort 2at 3 timepoints over the neonatal courseas used
EEGs were reviewed and sed by twoelectroencephalographeréEP & RLbased onthe
newly developedstandardised EEG assessma&theme which considered normal and

abnormal activity. Bayleltl assessed neurodevelo@ntal outcome at 2 years corrected age.

Results

Data from brty-three infants from cohort 1,were usedto develop amultimodal modeilfor

the prediction of 2-year neurodevelopmental outcomeTwentyseven infants had good
outcomes andL6 had poor outcomes or died. While performance of the model was similar to
a clinical course score graded at discharge, with an area under the receiver operator
characteristic (AUC) of 0.83 (95%nfidence intervalCl: 0.69t 0.95) for the physiological
model vs 0.79 (0.66t 0.90) (p=0.633jor the clinical course scorghe model was all to
predict 2-year outcome days after birthAlthough thedifferences failed to reach statistical
significance the model did have a larger AUCnhgeared to the individual lpysiological
features highlightingthe potential value of multimodal monitoring dimg the transitional

period.
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After visually analysing,932hours of EEGs from 120 preterm infafrtsm both cohorts we
identified that 6infants (5%, 95%1:1.9% to 10.6%) had electrographic seizurethe first 3

days Median {nterquartile range,IQR) total seizure burdemmean seizure duration, and
maximum seizure burden were 40.3 (5.0, 117.5) minutes, 49.6 (43.4, 76.6) seconds and 10.8
(1.6, 20.2) minutes/hour respectively. Seizure burden was highest in two infants with

significant abnormalitiesmneuroimaging.

In the final analysi®f the EEG assessment schengeod percentageagreemens were

obtained fromall patients and EEG feature categst Median agreemergof between 80%
and 100%were identified fromthe 4 categories. No difference wasihd in agreement rates
between the normal and abnormal featurdp = 0.959 neither between the younger

preterm groups (<30 weeks GA) and the older preterm group (>30 weeks GA), (p = 0.249)

Thetwins studysawthe recruitment of10 twin pairs, foumonochorionic diamnioticNICDA

and sixdichorionic diamniotic(DCDA pairs, and 10 agenatched singleton pairs. Fdhe

MCDA twins, 17/22 mathematical EEG features had significant (>0.6; p<0.05) ICCs at one or
more time-points, compared to 2/22 features f@CDA twins and 0/22 features for singleton
pairs. Fotthe MCDA twins, all 10 features of discontinuity and allrffeatures of symmetry

were significant at one or more time point. Three features of the MCDA twins (spectral power
at 3 t8 Hz, skewness at 815 Hz, and kurtosis at 815 Hz) had significant ICCs over the
course of all three timgoints.No features fo the DCDA groupr control singleton pairbad

significant ICCs over all three timeints.

For the final study, 5ihfants were includedo establish whether serial multichannel video
EEG has a role in predicti@gyear outcome From the 57 infantsncluded 40 hal good
outcome andl6 had poor outcome or died. All three serial EEGs were individually predictive
of abnormal atcome, with AU€of 0.68 (95%CI: 0.55t 0.80); 0.84 (0.73t 0.94); and 0.91
(0.831t1), (p<0.001). Comparatively, the predictive vala&/C¥or a poor clintal course was
0.68 (0.541 0.80, while the presence dhtraventricular Haemorrhag@VH gradelll/IV or
cysticPeriventricular Lecomalacia(cPVI.was 0.58 (0.41 0.75), (p=0.342).
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Conclusios

This research has utilisentinuous conventional videBEG of very preterm infants during
the early postnatal period to improve understanding of early brain function &s
relationship with future neurodevelopmental outcome. | have shown tlgaantitative
analysis omultimodel pretermphysiological signalbas thepotentialto predict mortality or
delayed neurodevelopment at 2 years of ageurther studieswith increassed numbers are

required to confirm the observed results.

| identified that dectrographic seizures are infrequent within the first few days of birth in very
preterm infantsand that we report a smaller seizure frequency than previous studies in
similar cohorts Seizures in this population are difficult to detect accurately without
continuous multichannel EEG monitoringhis is thefirst study to use continuous, long
duration, videeGEEG monitoring to qualitatively and quantitatively describe eteptiphc

seizures in preterm infants <32 weeks during the early postnatal period

In addition, for the first time, | have developed and describestaandard EE@ssessment
scheme specifically for very preterm infants. When implemented, this showed good
interobserver agreementThiscanprovide important information to NICU staff about normal

or abnormal brain activity, maturation armeuromonitoring during critical care.

| report the first study to investigatihne EEGof very pretermtwinsduring the early postatal
period. Pretermwin EEG similarities are sub#@ad difficult to identify visually, however this
is clearly evident throughquantitative analysis. MCDA twins showed stronger EEG
concordance across all timaoints, thus confirrmg a strong genetic fluence on preterm

EEG activity at this early stage of development.

Finally,in a prospectivestudy investigating EEGr the prediction of neurodevelopmental
outcome,| have showrusing erial multichannel EEG recordintst the pre-discharge EEG

was the best predictor oR-year outcome

This thesis has progressed thiate of the art in preterm EEG, paving the way for further

conventional EEG studies that use a standardised EEG assessment scheme. This study has
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also shown thataizure in preterm infats are infrequent in the early postnatal periedd

that there is high EEG concordance between some twin pairs. An Elizgrarge may be
the best predictor oR-yearneurodevelopmental outcome. The assessment scherag
developed and its ability to pdiéct 2-yearoutcome should now be validated in a large scale

multicentre study.
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Thesis Structure

This thesidegins withan introduction toprematurity, the normal and abnormal EEG
features of preterm infantswhat is known about seizures preterm infantsandthe
prognostic value of aEEG/EHR® this group The second chapter presentghe
methodology implemented for the studies undertaken as part of this thédiswed
by five chapters of research studies based on flremature EEG and the final

conclusion chapte

Chapter lintroduces the thesis by describing prematurity and how early birth
influences brain development andhow it is associateavith early neonatal death,
neonatal morbidity and adverse developmentaltcomes. The normal progression
of fetal brain c&tvelopment can be disrupted by premature birtthis chapter delves
into the pathophysiologyof the fetal brain at different developmental stages
Premature birth is discussed, including delivery, resuscitatianitiple pregnancies,
initial assessments, aonatal complications, current imaging and monitoring
techniques and also treatment. &fmal and abnormal aEEG/EEG feature® ar
described in detail: what isxpected atdifferent GA how these features differ at
different GA and what influence the preterm EEG. In addition, to describing
abnormal aEEG/EEG and how it relates to short term outcdaheefrequency of
seizuresand the prognostic value of aEEG/EEGoiatermsis described Finally, |
described the neurodevelopmental assessments udadng childhood, with the
emphasis on the Bayley Scaleslmfint and Toddler Developmetitl assessment

which wasutilisedimplemented in this thesis.

Chapter 2details the general methodology used for all the studies within the thesis.
In this chapter, the retrospeiwe and prospective cohorts adescribed in addition
to the processes useir ethical approval, study protocol and parental consent. The
chapter describes in detdhe neonatal EEG electrode applicatiorethodologyused

in this cohort in the NICU emenment. Finally, methosl usedfor data collection,
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visualanalysis artefactidentification and assessment of developmental outcome is

described.

Chapter 3 evaluates the prognde performance of a multimodalmodel
incorporating physiological signals adlthicalinformationin preterm infants during

the first 24 hours of lifeto asses 2-yearoutcome.

Chapter 4identifies the frequency of seizusen preterm infants during the first 3
days of life while also reportingguantitative descriptors of the tmporal evolution

of seizuressuch adotal seizure burden

Chapter5 describes the development afnew standardisecassessmenschemefor

evaluatingboth normal and abnormal EEG featuregreterm infants

Chapter &describesoncordancevithin the EE& of preterm twinswhile usingisual

and mathematical analysis

Chapter7 evaluatesthe prognostic performance of the new assessment scheme in
preterm infants with serialEEGgo0 predict neurodevelopmental outcome at 2 years

of age.

Chapter8 descrites the significance and implicationthe main finding emerging
from the thesis Limitations of the research anduggestions fofuture work are

reported to provide a platform for future research.

27



Chapter 1. Introduction
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1.1.Prematurity
Preterm birthoccurs when infants are born befoBY weeks gestatiofil).
Approximately 50% gfremature births occur betweenS3and 36 weekg?2).
However, births can occur at a moderately preterm stage {32 weeks), very
preterm stage (28t 32 weeks), or at an extremely preterm stage (earlier than 28
weeks).7% ofall live births in the Ukare born before 37 weekg3)and the very and
extremely preterm birth rate in the UK and Ireland, has recently been reported as
approximatdy 1% of dltotal births(4). In America, the rate of extremely preterm
birth is less tha 1% of albirths and 6% of all preterm birt{b). The earlier the

birth, the moresusceptible the infant will be thealth complicationgl).

In 2010, 14.9 milliof11%) of all births worldwide were premature, and 28% of all
early neonatal deaths were directly related to prematuii@y 7). In several
European countries, the estimate was closer to 5%, while certain Atcmamries
was as high as 185). Aswell as neonatal mortality, high rates neonatal
morbidity and adverse developmersuch as cerebral palsy (CP) and learning
difficulties, are associated with premature birth, 6) Specific complications such
as intraventricular haemorrhage (IVH), necrotising enterocdNiEC), retinopathy
of prematurity (ROP), neonatal infections, and chronic lung disease (CLD) are
serious complications of extreme prematurity in the developed wlAlthough
the cause of preterm birth is still unclear, seveaadtbrs show an association:
genetic disorders, environmental exposure, infertility treatments, preeclampsia,
infection, chorioamnionitisUGR and other medical conditions of the fetus or
mother (1, 9, 10) Furthemore, smoking and the use of recreatioaaid ilicit drugs
during pregnancy increases the probability of preterm b{tth). Repots suggest
that 30% of prematurity is associated with peemn rupture of membrane$PROM)
(1, 12) 15 t 20%is due to detected medical issues, while 5@%pontaneousand

of unknown nature, referred to as an idiopathic preterm bifth 13) It is suggeed

that maternal stress could befactor impactingspontaneous birti{12).

29



1.2.Fetal Brain Development

1.2.1. Gastrulation &NeuroectodermalProgenitor Cells
Postconception, the initial development of the embryo takeag®# with the
formation of theneural plate. By the second week post conception the embryo is a
simple two layered oval structure. Over the next wee& #émbryois transformed
during gastrulation into 3 layer From the ectodermal layer emerge the
neuroectadermal progenitor cells whicwill give rise to the brain and spinal cord.
These progenitor cells line up along the rostiaudal axis to form the neural plate

(14). Figure lillustrates the developmental timelanof the neonatal brain.

Figurel-1 Normal brain development timeline of brainircuits; reprinted from Tau GZ

and Peterson BEL5).

1.2.2. Neurulation
Neurulation proceeds from-8 weeks as the neural plate gradually grows in length
and begins to fold onto itself, along the rostrocaudais. At 6 weeks the folding of
the neural plate closes on itself and fuse$o form the neural tube, which in turn
gives rise to the central nervous systéh®). Following this the neural crest cells
are formed, and these will eventualfievelop into the dorsal root ganglia, sensory
gangia, autonomic ganglia and schwann célld). The neural tube then starts to
bulge and form three main parts: the forebrain, midraind hindbrainThe
forebrain forms the limbic systn, the thalamus, the hypothalamus, the basal
ganglia, and the cerebral cortex. The hindbrain eventually forms the medulla,
cerebellum and pons, with a rear part of the hindbrain eventually forming the

spinal cord(17). All of thisregional patterning is genetically driven and degdent
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on a complex interplay of signalling molecules and their concentration gradients
(18). During this period, the qogenitor cells lie next to an area that eventually

becomes the ventricles, therefore this areakihown as the ventricular zone.

At approximately 8 weeks, three vesicles expand from the anterior end of the
neuraltube, namely prosencephalon, mesencephaénd rhobencephalon.
Furthermore prosencephalorandrhobencephalorsubdivisions occur which lda

to the development of 5 vesicles. The prosencephalon subdivides into the
telencephalon and the diencephalon, while the rhombencephalon subdivides into
the metencephalon and the myelencephalofhetelencephalonwill become the
cerebrum the diencephalomwill becomethe thalamus and the hypothalamus

while the midbrain remains an established brain region from the primary vesicle
developmentstage(19) Thedevelopment of the embryonic brain regions to brain

structures is evident in figure-2.

Figurel-2 Brain development from embryo to childhttp://www.slideshare.net/ginlee/
48-49-22255847)
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1.2.3. Neuronal Proliferation
The brain and nervous system begin to form at an early stage, with neural cells
migrating to crea¢ millions of neurons. This is known as neuronal proliferation, a
rapid development that continues between thé"and 12" week of gestatior{15).
The progenitor cells at the ventriculaone produce billions of neurons, which

migrate and terminate in the nertex.

1.2.4. Neuronal Migration
At approximately 12 weeks of gestatioglial cells begin to develop and neuronal
migration also occurs. This is a time when neurons migrate from the cat#ri
zone to specific regions of the brain, eventually forming synapedsensuing
networks of neural connectivit{l6). There are two types of neuronal migration,
namely radial and tangential migration. In therebrum, radial migratiomf
neuronsoriginate from the ventricular and subventricular zones and give rise to the
projection of the cerebral cortex and deep nualedructures. Tangential migration
differs, by giving rise to the interneurons of the cort@iternatively in the
cerebellum, radial migration forms the purkinje cells and dentate nucleus, while the
tangential migration forms the external granular layleefore migrating radially to
form the internal granule cells of the cerebellar cor{@4). Early migrating neurons
from the ventricular zone form the preplate. These divide to form tharginal
zone and the subplate. Neurones that migrate later use the chemical Reelin from
the marginal zondo form the characteristic 6 layers of the neocortex and stop
migrating further. Neurones terminate and differentiate into multiple types of

neurores in the cortex (Figure-3).
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Figurel-3 Neuronal Migration Neurones migrate from the ventricular zone (VZ) to form
the preplate(PP). The PP differentiates to form different layers; including cortical plate
(CP) and marginal zone (MZ), before regressing and forming a mature cortex of sixslayer

Reprinted from Hayashi et a{20)

1.2.5. Neuronal Organization
At approximately 20 weeks of gestation, numerous importamganizational events
begin. The subplate zone thickens and functions as an area where afferent fibres
wait before their ingrowth into the cortical plate and corticothalamic ggeses also
grow down into the subplate from layer 5/6 of the cortex. Accumiolaiof
thalamocortical afferents in the subplate zone enables synaptic interaction. This
process is called synaptogenesis, which refers to formation of synapses throughout
the brain and establishing its processes. Synapses consist of the axonal presynaptic
membrane and dendritic post synaptic membrane, which allows nerve impulses to
transmit from one neuron to another, relaying information via electrical and
chemical processesh& action potential initially arrives at the axon terminal and
causes a releasaf neurotransmitters into the synaptic cleft, which then binds to a
postsynaptic receptor and opens specific ion channels, allowing the action
potential to transmit down the pstsynaptic neuronThe first thalamocortical
synapssdevelop in the corticgblate and continusto develop, which in turn
creates the synapsgch subplate zon€21). Synaptogenesis continues until
adolescence, but peaks at 34 weeks GRhere approximately 40,000 synapses are
created per secon@l5). Apoptosis is another important event, also known as
programmed cell death, which is the deliberate death of unwanted ceksliated

by an intracellular program. This is an important process that creates functional
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circuits andpairspresynaptic and possynaptic target neurons while also ensuring
that the population of neuronal and glial cells is balanced, with the right amhoii

cells availabl€2?2). This numerical balance of neurons consequently leads to
apoptosis of neurons that failed to connect. Approximatelyt4®% of d neurons
created do not survive, while the survivors maintain neurotophic factors and
manage to synapse. Failure of the apoptotic procgssld lead tothe persistence

of mutated cels, causingnajor brain malformationsautoimmune disease, and
cancer(14). By the 3% week, the thickness of the subplate zone is decreased, while

ingrowth of the callosal and longuico-cortical pathways into the cortex occurs.

1.2.6. Myelination
The next maturational process is myelination, whetfge myelin sheath grows
around a nerve to increase the propagation speed of the action potential down the
axon(Figurel-4). The myelin sheath acts as an insulator that increases the velocity
of the impulse ensurig rapid electrical transmissid23). Myelination initially
begins inthe peripheral nervous sysm, atthe motor rootof the neuroneg then
shortly beginsn the sensory roots. Thereaftecomponents of the central nervous
systemundergo myelinatior(14). Cortical myelinatiotveginsin the central cortical
areas around the central sulcus]lowed by myelination of th@ccipital poles

before myelinaton ofthe frontal poles(14).

Figurel-4 Alongitudinal and transverse section of a nerve fibréongitudinal (A) and

transverse (Bj24).

Thismyelination procesbeginsapproximatelyduring26 t 28 weeks anaontinues

into adult life, but peaks during the first 2 years of life.
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1.3.PretermLabour andBirth
Preterm birth occurs when fet&rain development is at an early stagés a result,
preterminfants are at greater ris&f neurodevelopmental complications, such as
motor or cognitive disabilities. Thesk orincidenceof morbidity and mortality is

higher inthe more prematuranfants ().

Preterm labour can occur spontaneously or be indut@dnedical reasonslhe
occurrence of spontaneous labour can derive frpralongedpreterm rupture of
membranes (PPROMbr cervical incompetencévhere the cervix begins to dilate
before pregnancy reaches tejrf25). PPROM occukghen the amniotic

membranes of the amniotic sac rupture prior to 37 weeks of gestation, releasing
the amniotic fluid andeading to the onset of labou§26). Occasionally, these
events cannot be explained, although certain factors sughlasentalabruption,
antepartum haemorrhage, cervical incompetence, stress or infection can be $actor
(25). Various antenatalloonic uteroplacental insufficiencies, including underlying
IUGR, preeclampsia, abnormal fetal cardiotocography (CTG), or multiple
pregnancies, can lead to an induced lab@if). Multiple pregnancy, (two or more
foetuses)is alsoassaiated with preterm birth. Approximately 1520% of preterm
infants are from multiple pregnancies, while nearly 60% of twins are born

prematurely(28).

1.3.1. Multiple Pregnancies
Twins can be categorised as either monozygotic or dizygotic. Dizygotic twins are
created when two different eggs are fertilised by two different speBachfetus
has aseparate amniotic sac and placenta within the uteat the same time. They

are classied as dichorionidiamniotic, and are referred to as nedentical.

Monozygotic twins are identical twins, which develop from a single ovum following
fertilization by one sperm. This shared zygote then splits withaystesulting in
two embryos. If thesplit occurs quickly, they can also become dichorionic

diamniotic (2 placentae and 2 sacs), which occurs at a rate of 25% in monozygotic
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twins. The other 75% are monochorionic (1 placenta), where the zygote splits
gradually (29). There are two types of monochorionic twins. Monochorienic
diamniotic twins occur when theygote splits at days 48, resultirg in an amniotic
sac for each twinMonochorioniemonoamniotic twins occur when the zygote
splits later, at days 813, resulting ira sharedamniotic sac. Generally, chorionicity
is regarded as being of more interdsain zygosity, as risk of early prency loss

increases with monochorionic placentati¢®0).

Figurel-5 Dichorionic diamniotic and Monochorionic diamniotic twirs the placenta

reprinted from Fox, H Pathology of the placental)

1.3.2. Delivery
The mode of delivery depends on the condition of the fetus, the mother and also
the GAof the fetus. Signs of fetal distress, such as severely abnormal CTG or
Doppler readings, may lead to an urgent caesarean sectisadion)(32).
Gsection is a surgical incision of the maternal abdomen and uterus to create space
for the baby to be deliverethrough the abdomen. Even though it is now a
common surgery that is relatively safe and ds$eequently, it still includes risks. In
addition to the abnormal CTG, placental abruption, uterine rupture or prolapse
cord mayalso lead to an emergencysectian (33). In certainsituations Gsections
canalso be planned in advaneeg. when a babis inthe breech (bottom down) or
transverse (sideways) positio(i34). Additionally severe preeclampsiaprevious
caesarean section, and complicated multiple pregnesie.g presentation

positions) can also lead &lectivesections(34).
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1.3.3. Resuscitation
Followirg birth, the infant is wrapped and kept warm and then be transferred to
a trolley for resuscitation, if necessary. The aim of resuscitation is to support
breathing,circulation, temperature control and to ensure airway pate(8y).
As preterm infants may have immature lungs and are susceptible to hyaline
membrane disease or respiratory distress syndrome (RDS), establishing regular
breathing may be difficult, therefore respiratory support is usually provided.
Possibleoptions incluek continuous positive airways pressure (CPAP),
intubation or by providing surfactar{86). CPAP supplies constant air pressure,
via the nostrils, to help keep the airways alveoli o§&6). Intubation is a
procedure that requires the placement of a tube in the airway to allow an open
airway and ensure that both the trachea and lungs are protected from the
aspiration of stomach conten{®7). Finally, surfactat is given wthin the first 2
hours after birth, due to the lack of naturally produced surfactant in the
immature lungs, stabilising the small alveoli air sacs in the lungs and reducing

the surface tension of fluid in the lun¢36, 37)

1.3.4. Assessmenat birth t Apgar Score
In 1952, Dr Virginia Apgar designed a scoring method to evaluate the general
clinical condition of infantat birthX dZ Z %P & ~ }E& [ ]* V}A pv]A E-
recognised as a method which can provalguick, simple indication of the
] v ( vé&drdition. All infants are immediately assessed at birth, with specific
clinical features considered in a structured way. Five meddarfeatures are
graded to generate an Apgar score: skin colour, heart rafeexdéritability,
muscular tone, and respiratiof88). Each feature scores from 0 toble 1-1).
A total score of 10 can therefore be acquired. Fleres are generally
performed twice at 1 and 5 minutes, but may be recorded up to 2Quies

postbirth, in situations such as prolonged resuscitation.
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CRITERIA SCORE
0 1 2
Skin Colour Appearance Pale or Blue | Blue hands and | Completely pink
all over feet
Heart Rate Pulse Absent < 100 beats per | > 100 beats per
minutes minutes
Reflex Grimace Absent Only facial Cough, sneeze, cry|
irritability movements or pulls away
(response to
stimulation)
Muscular tone | Activity Absent Flexion of arms & | Active and
(Floppy) legs spontaneous
Respiration Respiration Absent Slow or irregular | Good breathing
with weak cry rate & crying

TABLH-1 APGAR SCORING SYSTEM.

Although developed in the 1950s, today the Apgar scoring system is still used in
general neonatal practic€89). Some limitations have however become

apparent overthe years. Subjectivity is regarded as the most problematic
limitation of the Apgar test, where large intebsever variability can occur. In
addition, several other factors can influence the score, sudBAgongenital
malformations, maternal sedatioand trauma(40). Its role in preterm infants is
guestionable, as their low scores migtg based on their immaturity, even if

relatively healthy for their gestatio(1).

1.4.Preterm Infants inthe NICU
Oncethe preterm infantless than 32 weeks is stable and receigtisctive
respiratory support, they are transferred from the delivery suite to the neonatal
intensive care unit (NICU), for ongoing intensive cRespiratory support persists,
while heart rate, blood pressure and temperature are constantly monitored. In

most situations, preterm infants less than 32 weeks will be put in an incubator
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which stabilises temperature and decreases infection &skly clinical assessments

are undertakerto assess the condition of the infant.

1.4.1. Assessmenat birth tCRIB Il Score

Clinical Risk Index for Babie§QRIB II) is a clinical risk assessment tool used to

oo o0 §7 Cl[su ] o }v ]S]}v ]Jv S$Z (4R2) EhSSisLdlpulated} ( |ESZ
based on five items: gender, GA, bitkeight (BW), admission temperae, and
the base deficit in the first blood sargptaken. This is a scoring system that was
adjusted from a previous version (CRIB) score in 1993. CRIB Il scores can range from
0 to 27, with lower scoremdicatinga better prognosis. It is a useful tdor
predicting mortality in lonBWinfants, with « }@& }( Hii % & ] $]A }( u}Es$
and morbidity (sensitivity: 8395% and specificity: 8284%)(43). The first CRIB
version included BW, GA, maximum and minimum fraction of inspired oxygen and
maximum base excess dog the first 12 hours, and congenital malformatiddg).
However, the applicability of the CRIB score in modern neonatal intensive care
warranted a revision of this scoring system. The primary concern was that the 12
hour window was too long, allowing time for early treatment to affect the infants
state (42). There are still some limitations to CRIB Il, namely the factitisean
epidemiologic tool, while perinatal conditions with adverse consequencenare
considered45), however it does consider the medical condition at an early stage

allowing for a quick and simple overall assessment of the infants ¢ondit

Unfortunately, critical complications can ocaanmpreterm infants during theirtay
in the NICU, which can often last weeks or nfami{These complications include
intraventricular lmemorrhagg(IVH) periventricularleucomalacia(P VL), infection,
neaotizing enterocolitigNEQ, chronic lung disease€C{ ) andretinopathy of
prematurity (ROPB. Theseconditionscan have an adverse effect on the
neurodevelopment of preterninfants andincreaseshe risk of adverséongterm

outcome(46).
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1.4.2. Complications of prematurity

1.4.2.1. Intraventricular Haemorrhag@VH)
IVHis when bleeding occurs inside the lateral ventricles of the brdine ncidence
is deperlent on GA, with a highetskof IVHin the most premature infant§l4,
47). IVH most commonly occurs during thest three days of postrtal life (48).
Although neonatal care has improved, inciderof any grade IVH stiinges
between 13t20%(49, 50) and appears more prominent in extremely preterm

infants with an incidence of closer to 43%©-53).

IVH origimtesin the germinal matrix. This is a vascularised area in the floor of the
lateral ventricle and a source of glial precursor cells and capillaries. The immature
capillaries are fragile, due to the lack of muscular and collagen suffbrtThe
immature brain does not have mature autoregulation of cerebral circulation to
control blood pessurechangeq54) therefore increased and decreased alteration
of cerebral blood flow pressure can cause the ependymal layer to rupture and

bleed into the ventricle(51).
The classificatioscheme usedio grade the degree ofralVH $ the Papile

classificationTable1-2). This system is composed of four grades and has been

modified by Volpg14, 55)
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Papile Grading

Volpe Grading

Grade |

Germinal Matrix Haemorrhage/

Subegndymal Haemorrhage

Isolated haemorrhage in the germinal

matrix

Grade I

Grade

Haemorrhage inside the ventricle (B0%
}(AVEE] po E E U Z}A

enough blood to dilate the ventricle.

Grade Il

Grade Il

Haemorrhage inside the ventie (>50% of
ventricular area) with enough blood to

distend theventricle.

Grade IV

Severe periventricular
haemorrhagic infarction /

Intra-parenchymal haemorrhage

Dilation of germinal matrix can impair
venous drainagé&om the terminal vein and

result invenous infarction.

TABLH-2 COMBINED PAPILE AND VOLPE GRADING CLASSIFICATIONS.

Cranial ultrasound [&JS) is a tool used to detect IVH. It is recommended that

infants <32 weeks GA or of <150fighweight, should have serialRUS during

their neonatal stay. Grade 1/Germinal matrix haemorrhage appears onRIS@s

an echoreflective area in the caudo thalae groove, while higher grades of IVH

appearances are marked as echoreflective opacity inside the icatdr cavity(56).

Figurel-6 Intraventricular haemorrhages at four different grades of severity (IVH/)

and CRUS image of Bilateraitraventricular haemorrhagerom 29 weeks infants on day

one following birth. CRUS imagis reprinted fromMazmanyanet al (57).
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Prognosis depends on the grade of the IVH, with conttady reports regarding

low grade IVH (grade 1 or 2) in terms of adverse outcome. Payne et al. reported
that, from a cohort of 270 infants with low grade haemorrhage and 1021 infants
with no haemorrhge, no difference in neurodevelopmental outcome waslent
between the group£58). This is also supported by a recent study from Reubsaet et
al. reporting that low grade IVH very preterm infants have similar outcome to
controlinfants without evidace of brain injury59). Other sudies however, have
reported an association with mild to severe neurodevelopmental outcomes.
Bolisettyet al. described howadverseneurodevelopmental outcome wasvidentin
infants with grade 1 or 2/H,including neurosensory impairment, developmental
delay, CP and déaess(60). It has been suggested that the glial precursor cells of
the germinal matrix are damagexvenduringlow gradeVH. The developmeruf
oligodendrocytes and astrocytes is consequently interrupted, leading to
disturbance omigrationnecessary for orgasation of the cortex61). Severe IVH
(grades Il and I\l more likely tobe associated witladverse neurodevelopmental
outcome. It has been reported that 71% of infants with grad&/iN/
Intraparenchymal haemorrhage (IPH) developed CP, while infants with grade I, Il

and Il IVHlevelopedCP 7.2%, 17.3% and 23.1% of the time respectj@aly

1.4.2.2. Periventricular Lezomalacia
Periventriculaleucomalacia(PVL)s ischemiavhite matter (WM) damage in the
immature krain. PVL can be classified as either cystic oraystic.Cystic PVL can
develop when decayazurs at the site of damage abe&comescystic while ron-
cystic PVL occurs when thmall necrotic lesions do not cavitateavingevidence
of diffuse WM gliosisThe cystic PMhat is visible on CR&epresents only the tip
of theiceberg(63). Noncystic is more common and best seemn MRIas it can
revealareas of white and grey matter atropl{¢4), while punctate WM lesions can
also be presen27). Expert serscan alsadentify non-cystic PVkia CRU8ue to
the ability to detect increased abnormal echogenicity of the ViIMe to advances
in neonatal care, including antenatal steroids, surfactant and new véotila
strateges, cystic PVL lisss frequentaffecting only 3t 5% of infants below 32
weeks(56, 6568). Although the incidencef cystic PVL has reduced recently, it
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remains a high risk brain injury that leads to CP and other neurodevelopinenta

impairments(69).

Figurel-7 MRI images of PVin an infant at 28 weeks GAArrows show areas of cystic

lesions and areas of restricted diffusion around thedaal ventricles(70).

WM damage can become widespread, however it typically involves the
periventricular WMregions. Inadequate perfusiona the long penetrating arteries,
which supply bloodo the deep WM causeslecreased blood flow to the WM

which leads to dath and degeneration of tiss&1, 72) Necrosis of the WM leads

to generation of cysts in the periventriculaggion in the brain, next tthe lateral
ventricles. Cerebrovascular blood flow in preterm infants is poorly controlled and

can lead to decreased blood flae the WM (71). The lack of anastomoses in the
immature brain andailure to autoregul 8 37 Z %@ ==& ]JE po 3]}v[ u v
that if the blood pressure decreases, the CBF will decrease and cerebral perfusion is
affected, leaving the brain in danger of ischemic inj##§). The most vulnerable

area for damage is the border zones between the dpepetrating arteries and the

end zones of short penetrating arteries, also knowttesZA § E+Z (T4v |

75). The WM in this region contains nerve fibrbatttravel from the brain tahe
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muscles. PVL is associated with ischaemia, maturational dependent vulnerability of

the oligodendrocytesor cytokineinduced damage following perinatal infectignl,

72). The cerelal white matter between 24t 43 weeks GA is predominantly

populated by developing oligodendrocytes. filegodendrocytes are vulnerable to

excitotoxic, oxidative and inflammatory injury, with release of-prtlammatory

cytokines injuring the immature bia(76). It is believed thahypocarbia and

hypotension increase the risk of PU17, 78) while it is also reported thatgrinatal

and fetal infections have an associatith WM damage. The cytokines

interleukin-1 (I-1) and tumor necrosis factor ~d-E&U SZ S & % E} M C SZ
microglia and astrocytes, can cause cytotoxic damage to the oligodendrq@@es

80).

A PVL classification was devised by De 8&s Grade | PVL is a proiged
periventricular flare apparent for 7 days or more. Grade Il PVL is presence of
echodense areas evolving into lateralized froiptarietal cysts. Grade Il PVL is an
extensive periventricular cystic lesiorvolving occipital and frontgarietal WM.
Grade IV PVL involves regions of extensive-cobical cystic lesions in the deep
WM (81). The development of PVL often develops latel may not be detectable
for 4 t8 weeks of lifetherefore aCRUSIn the first few weeks of life might idoe
useful (82).

Cognitive impairment andegeral motor delay is aommon diagnosis premature
infants, whilethe development ofCPis also possibldn a large study (EPIPAGE) of
preterm infants between 22 32 weeks GA, 75% of infants with bilateral cystic PVL

developed CI33).

1.4.2.3. Infection
Neonatalinfection isacquired during prenatal development tire neonatal period
Sepsis is a condition caused $Z } (ppnsétosan infectiomnd can cause
long-term neurodevelopmental impairment and mortali{§4). Preterm infants
have a higher susceptibility to infection duednunder developed immune system
(84). It is reported that 10 25% of preterm infants below 32 Gievebp sepsis in
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the first week of lifg(85). Sepsis is categorised as early onset sepsis (EOS) and late
onset sepsis (LOS). EOS presents in the first 72 hours of life, while LOS is present

after the first 72 hours.

Early Onset Sepsis

EOS has an incidence rate of 2 per 1000 live newborhirths and a mortality rate
of 16% in preterm infanté36), however this depends greatly on the infective
organism.Theinfective microorganisms can appear from transplacental infection or
an ascending infectiondm the cervix. The mostommon microorganisms found to
cause EOS are Grou@Beptococcus (GBS) and Escherichia coli (E.GBi$ is a
commensal organism of the female genital tré&7, 88) Intrapartum maternal
prophylaxis has been introduced for GBS, wihiabreduced the incidence rate by
80% however, GBS remainscammoncause of EO9). E.coli is a gram negative
bacterium, which is the most common pathogemeterm sepsi¢90). Combined,
GBS and E.coli accounts for approximately 70% of preterm infecAostaidy
showed that 81% of infants with EOS due to E.coli, were in fact preterm infants
(89)

Late Onset Sepsis

Twentyfive t 30%of very low birth weight (VLBW) preterm infar{&6)and 38%of
extremely low birth weight (ELBW) preterm infaif@d)developLOSLOS is a
nosocomial hospital acquired infection, rather tharaternd or birth related
factors.The most common microorganism causing LOS is Coagdgsdive
staphylococci (CONS)ONS sepsis gendyabccurs from invasive procedures. It is
the most comma pathogen of gram positive infections, with srfiectionincidence
of 68%(90). Staphylococcus aureus is anothermfulgram positive bacterium that

causes LOS, with an incidence rate of(88)

1.4.2.4. Necrotizing Enterocolitis
Necrotizing aterocolitis (NEC) is@mplicationoccurring in the preterm infant,
characterised by infection, inflammation and necrosis of the intestinal tissue. This is
a seriouscondition thatcan lead to disability and neonatal mortalityt occurs in
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approximately5% of very preterm infants, and approximately 10% of all extremely
preterm infants(92, 93) The pathogenesis multifactorial, however it is bielved
to be mostly associated with three underlying factors, namely bacterietiion,

intestinal hypoxia and feedin@4, 95)

A method of clinical staging was proposed by Bells et al., and modified by Lee and
Polin(96, 97) This comprised of Stage IA and B of suspected NEC, stage IIA and B of
proven NEC, and stage IlIA and B of advanced %¥& he clinical presentation of
infants with NEC varies. Gastrointestinal repecific symptoms such as apnoeas

and lethargy can be identified, but more sjfecinfants show abdominal signs of
abdominal distension and bloody diarrhog2v). Its appearance can be

investigated by xay, where dilated loops and poeatosis can be identified.

Sopping feedsand relievingdistension antibiotics, fluids and nutritioal

treatmentsare the initial approachhoweverwhen the disease is advanceat Bell
stage lllIAsurgerymay berequired(97). Mortality is a possible outcome, with an
overall incidence rate greater than 1q92). Moreover, infants who recover from

NEC are still at risk of futummplications

Infants who are diagnosed with NEC atesignificant risk for undernutrition,

because oflecreased absorption of nutrients due to mucosal inj(@8). Brain
development is dependent on nutrition and deficiencies can lead to lack of cortical
growth, particularly at this critical stage of brain developme@obmplications

following NEGnclude gastrointestinal sequelae suchimiestinal stricture

reported in 20%(99)and short bowel syndromeeported in approximately 25%
(100, 101)Furthermore, adverse neurodevelopmental outcomes are likely

following NEC, namely WMI, cognitive and motor impairm@a.

1.4.2.5. Chronic Lung Disease
CLD, often knownsabronclopulmonary dysplasia (BPy,a respiratory condition
caused by tissue damage in the lurf$©2) Thiscommonly occurs in preterm

infants, whowere intially born with RDS, where the undeveloped lungs were
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unable to provide the body with enough oxyg€tv). CLD is extremely common in
preterm infants, especially extremely premature infants, with a recent study
reportingthat moderate a severeCLDwas diagnosed in 81.886 infants 2223
weekGA 79.86 of 24 week GAnd60.7% of infantat 25 week GA103)

Factors that increase the likelihood ofvadoping CLD include prematurity and the
resuling RDS. In addition, oxygen toxicity, pulmonary volutrauma and patent duct
arteriosus have also been linked to the condit{@7). Oxygen toxicity may occur

due to the large amount of cytoxic oxygen free radicals and low amount of
antioxidants in the lunganakingthe tissue vulnerable to damadg7). Volutrauma
results from ventilation, when high tidal volume leads to edetention of the
lungs(104) The association &?DA with CLD is fluid overload, potentially
deteriorating the function of the lun¢lL04)

It is believed that CLD can lead to cognitive and motor impairment, brain damage
and CH105) Episodes of hypexiaare reported to be a potential factoin these
complicationg106) A recentanimal studyinvestigated this theorypy exposngrats

to repeatedhyperoxia (95% £) and discovered that this resulted in an increased
mean linear intercept in the lunga/hichis a widespread parameter evaluating lung
structure by measuring morphometric lung changgldsincreasehad an

association with decreasedolumebrain structuresand generally the size of the
whole brain surfaceSpecifically, the anterior and pterior areas were affected
mostly by repeated hyperoxid07) Further researchs needed, howewveit does

appear that frequent episodes of hyperoxia is damaging to the brain.

Infantsborn less thar82 weeksvho have hadreatment with 21% oxygen (or
more)lastingfor at least 28 daywill be reviewed by a cliniciaat 36 weeks post
menstrual age (PM) or at dischargéo confirm thediagnoss of CLD. The severity

of CLD for infants below 32 weeks is included below:

x Mild CLD Required 28 daysxygentreatment, but kreathing room aitby 36
weeks PMA / at discharge
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X Moderate CLD Require <30%oxygen at 36 weeks PMA / at discharge
x Severe CLPRequire >30% oxygen at 36 weeks PMA / at disch@@®

1.4.2.6. Retinopathy of Prematurity
ROP is aeverecondition of the eye, where abnormal developmentbddod vessels
occurs in the reting108) ROP is one of the main causes of childhood blindness
andis associatedwith non-visual neurodisability at 5 years of a®9) The
incidence of ROP in extremely preterm infants ranges from 33%, with 35% of
all ROP being seve(210, 111) The retinal blood vessels begin to develop during
the fourth month of gestation, therefore premature infants are born withden
developed, norvascularized eygd.12) ROP occurs when hyperoxia of the
extrauterine environment prevents the nornhaetinal vascular growth. This can
lead to loss of some already developed vessels due to tissue hy2d)idt can
SZ v A 0}% (MESZ & AZ v A ¢+ 0 % E}o]( E 3]}v} pE-U }
v JA « po E]e 3]}v[X Krow ofyessels&an produce a scar, causing

retinal detachment from the epithelium, resulting in blindn€443)

Figurel-8 Pathology of Retinopathy of PrematuritiReprinted fran Wilson & Fielder
ZZ S]v}% SZC }( %I®E)u SPUE]SC|

Sceening involves repeated dilated eye examinations on infants born below 30
weeks GA oBWof <1500¢(108) Following examinations, ROP abnormalities can
be categorisd by the International Classification of Retinopathy of Prematurity

(115)

48



x Stage 1t Demarcation Line: line between the vascularised and-non
vascularised areas of the ie8.
x Stage 2t Ridge: the line increases in depth and height
x Stage 3t Extraretinal Fibrovascular Proliferation: vessels extend into the
vitreous
X Stage 4t Partial Retinal Detachment
A t Extrafoveal
B tFovea

X Stage 5t Total Retinal Detachment

Both cryotherapy and laser surgery are possible treatment optionR@¥P. Both
strategies aim to prevent the growth of abnormal blood vessels. Cryotherapy
freezes areas of the retina that have not developed blood vessels, while laser

treatment uses lasébeams to scar the retina.

1.4.3. Treatment of Preterm Infants

1.4.3.1. Medication
Preterm infants are often treated with medication during their stay in the NT®Id.
National Institute for Health and Care Excelleg&Ogguidelines recommend the
administration of atibiotics such as benzylpenicillin and gentamicin to treat or
preventinfection (116) Additionally, antenatal corticosteroids are used to aid lung
function and developmenby preparing the lungs for respiration. Antenatal
corticosteroidscan begiven before birthto reduce the risk of developing R@8ile
postnaal steroids are used to treat th@lready apparenRDSndmanage the
severity of the conditior{117) Surfactant is also administered to replace the
surfactantdeficiencythat is naturallypresentin developed lags(118) Inabilityor
difficulty in breathing can cause apnoeic episodeslthe infant can be treated
with the central nervous system stimulant, Caffeine Citi@dt#9) Opioids are

commonly used in the NICU, acting as a pain relief in situations such as /EC or
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proceduressuch asntubation (120) Commonly used opioidscludemorphine and

fentanyl.

1.4.3.2. Anti-epileptic drugs (AEDS)
Preterm infants in the NICU presemvast repertoire of general movements that
may be mistaken for clinical seizures and treated erroneoustgohatal ®izure is
the result of excessive synarous electrichdischarge from depolarisation of
neurons in the brainwhich can be observadsingEEQ14). Anti-epileptic drugs
(AED%can be prescribed, with or without EEG monitoring, in anrafieto prevent
or stop seizures from occurrintn the NICU, infants might have clinieald
electrographicseizures Electrographic seizuresn only be detected by an EEG as

no clinicaimanifestationsare present

Seizures disrupthe electricabursting patterns of thebrain that are essential for
neuronal survival andonnectivityandwhich consequently contribute to longer
term neurodisability(121-123) Therefore, reliably diagnosingigures is important.

It is equally importanthowever, to avoid treating infants unnecessarily, as AEDs
canhaveneurotoxc effects(124-126) Caution has been advised for the treatment
of preterm infants, as early AED exposure has shiednced brairmass due to
apoptotic neurodegeneratiom the developing brainn addition to an association
with adverse cognitive outcom@27) Preterm infants may be at higher risk of AED
neurotoxicity dueto o | }( u $§ “&stradiot, which usuallhas an inhibitory
effect on AED neurotoxicifi27) AED treatment of seizures in preterm infants can

lead to hypotension and sedatiqi28).

In full term infants, phenobarbitone generallyused as the first line drug of choice,
followed by phenytoin and benzodiazepind9, 130) Appropriate AED treatment
for preterm infants is les clear, however one study reported no apparent
difference between term and preterm infants, in terms of medication choice. This
study showed that phenobarbitone was the most popular choice (72.2%), wi
phenytoin acting as the secorithe agent (40.6%(L30) Phenobarbitone is &GABA
mediated inhibitory neurotransmitter, which delays the GAmBAdiated ClI
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channels from closing and consequently prevents synaptic excitaliii8)
Phenytoin acts on voltageperated ion channe|sor more specificallyia
membranepotential-dependent blockade of Na+ chann€l81) Benzodiazepines
such as clonazepam, lorazepam, anidazolamare common third lineAEDchoices
and are als@sABAmediated inhibitory neurotransmitterstheycan alsact on
specific subunits of GARAhannels to enhance the action of GABA2) In
addition,some seizures can be very difficult to control, and consequently other
AEDs can be introduced recent stdy showed how only 26% of preterm infants
<28 weeks GA responded to Levetiracet@d®3) Other AEDsuch as
carbamazepine, chloral hydragtiédocaine, paraldehyde, sodium valproatepilim),

topiramate, vigabatrinand bumetanidéhave been used to treat neonatatigures

Although phenobarbitone and phenytoin are used as first seizure treatment,
research shows that theability to effectivelytreat seizuresanges from 30t 50%

(128, 134136) A possible reason fdhis is that the neonatal brain is still

developing. As a result, GABA receptamsalso underdeveloped(129) Animal

studies and in vitro stlies hae v VvSE oS8} 38z Z A ]S SIEC[ "
which has been linked to the susceptibility of teem andpremature brain to

seizures and hyperexcitability. It is suggested that GABA primarily has an excitatory
role during prematurity, whiclswitches to a mature inhibitory role during the

second potnatal week(137) The core of this theory revolves around the

differential expression of the NKCC1 and KCC2 transpoimtersants Highamount

of NKCC1 expression occurs during early development, which leads to net efflux of
negative current, causing cell depolarisation. The opposite effect occurs during the
post-natal period, wherKCC2 expression is increased, causing hyperpolarisation of
the neuron and ultimately effective inhibitiof137, 138) With this theory in mind,

the expectance would be for anticonvulsants such as phenobarbitone to increase
seizures in preterm infants, rather than to deese seizure activity. However, this

has not been clinically reporteahd phenobarbitone continuesat be useful irmany
infants. Further research is clearly needed in this area as phenobarbitone continues

to be thefirst linedrug of choicdor all neonathseizures
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1.4.4. Neuro-imaging &Monitoring the Preterm Brain

The premature brain is vulnerable injury due to multiple factors such asfragile
network of blood vessels and immature oligodendrocytes. The two main imaging
modalities used clinically jpreterm infants are JS and magnetic resonance
imaging (MRI). Other neusmonitoring tools are use to observe the physiological
activity of the brain, such as neanfrared spectroscopy (NIRS)

electroencephalography (EE&)d amplitudeintegrated EEGEEG)

1.4.4.1. Cranial UltrasoundqCRUS)
CRUSvas introduced to the NICU in the 1980s and haa role in identifying IVH
(66). ARUS is the preferredeuroimaging choice for diagnosis of IVH and ventricular
dilation in preterm infants. Additionally, it is also convenient as it is mobile,-non
invasive and easy to use in the NICU. It takes advantage of the fontanelles, by
allowing reflectedultrasound waves to travel through the aperture, to produce the
images(14). This provides access to images of the central regions of the brain,
ventricles and periventricular areasRgsS is a wellegarded tool with a high
accuracyin identifying IVH139141) Astudy by Franckx el at, investigated early
and late ®UJS, MRI, SSEP and EEG in premature infants <32 weeks GA, and
neurodevelopment outcome at 2 years of age. Performance of these diagnostic
tests wereinconclusiveNormal EEG did not change the probability of adverse
outcome, with negative likelihood rations of between 0.49 and 0.98, however the
best predictorof outcome was the early RUS(142) This study investigated infants
less than32 weeks GA, however the EEG wasperformed until 33t 34 weeks.
Furthermore, there is no indicatiombouthow long the EEG monttog lastedfor,
therefore a possible reason for the poor performance could be lack of continuous

data during the early postnatal period

Limitations are also acknowledged, one being that lesions in the peripheral brain

areas might be harder to examine gdiagnosesuch as smaller punctate lesions
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and posterior fosséesions (143-145) Infants <30 weeks G& CUMHundergo
routine CRUSscreeningn thefirst week (day 13 if possible), a repeat scan before
two weeks of age, then another prdischarge. Multiple scans might be performed

on the extremely preterm infants.

1.4.4.2. Magnetic resonance imaging
Magnetic resonance imaging uses a magnetic field and hydriogesito produce
high resolution images of body parts, suehthe brain. Entering the strong
magnetic field causes the hydrogen protons of the body to align in a uniform
direction (146) When a radio frequenaoyave is transmitted through the brain, the
protons become excited and spin out of alignment. Turning off the radiofreque
waves will cause the protons to realign backheir previousstate. This
realignment, or relaxation of the protoremitsa signalwhich is used by the
imagingcomputer to create imagesrhese energy signals return at different
strengths and times alving the different structures and tissues to be identified.
MRI is regardedsathe best method o&ssessingormalityand someabnormaities

such as cerebellar haemorrha@fe47) however it does not measure function

A reviewof the predictiveability of neuro MRI ipreterm infantsfor
neurodevelopmental outcombas shown thathat the role of advanced MRI
techniques ismproving however further studies are need€48, 149)Studies
have used techniques includinglumetric MRI (VMRIL50-152), diffusion tensor
imaging and diffusion MRI (dM)(153, 154) magnetic resonance spectroscopy
(MRS)155) and restingstate functional connectivity MRI (fcMRL56, 157)0
identify early progostic biomakers such as subtle structural or functional
connectivity and metabolic abnormalities to improve predication accuracy.
Nonetheless, a combination of sequent@USand MRI recordings can be used to
increase the prognostic effectiveness and séxity of preterm brain injury
diagnosig158) A study by Hintz et al. reported how abnormalities such as white
matter abnormality or cerebellaekions from a late CRUS and MRI at near term
were associated witladverse outcomes between 18 and 22 mon¢hS9) while
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the sameassociationsvere found n another study by Anderson et avhen

assesseat 7 years of agé€l60) MRI does have significant shortcomings fitve
assessment of preterm infanis the NICU environment, such as its accessibility,
transfer, expense and safe(¥58) It is veryis challenging to perform early MRI, as
preterm infants frequetly require respiratory supporPreterm infants need to be

well enough to leave the NICU and go to the Medical Imaging Department, whereas

in comparison, the CRUS or an EEG can be brought to the patient bedside.

1.4.4.3. Near infrared Spectrospy
Near infraredSpectroscopy is a nanvasive tool that uses infrared light (with
wavelengths between 650 and 950 nm) to measure concentration changes in
cerebral haemoglobin to determine regional cerebral tissue oxygen saturation
(161) The NIRS probe is positioned on the scalp to enable measurement of these
changeg162) Haemoglobin can be oxygenated or deoxygenated, and when the
light is applied, it is absorbed by haemoglobin, with the oxygenation status affecting
the amount of absorption undertakefi63) The device is portable, painless and
the results are readily available on the screen, while no ionising radiations are
introduced(163) Limitations are apparent however, such as its precision, its
dependency towardthe obs EA E+[ A% E] v LM S} J((] o8] « Jvs
values, and also the possibility of leaving a burn on the g&&p) Numerous
studies involving NIRS are ongoing, including the SafeBoosC randariakedhich
JVA «8]P & « ]38« E}o ]Jv %E 5 Eu Jv((18d)-Astudy & o }AEACP v
investigating the relation between NIRS and EEG activity in preterm infants
discovered that higher values of fractional tissue oxygen extraction from the NIRS

signals were relatedothigher values of EEG amplitudes)

1.5.Electroencephalography (EEG)
Hectroencephalogrphy (EEG)records theelectrical activityof the brain.As EEG is
the core of this thesis, its history, recording prinegdnd the maturational aspects

of its appearance in preterm neotes will be describeth more detailbelow.
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1.5.1. History of EEG
The first human EEG was performed by GerpsychiatristHans Brger (Figure-
9) in 1929, which revolutionised the world of neurd?aC v % *C Z] SECX (EP (
inspiration was Englishman Dr Richard Caton, who in 1929 first used a
galvanometer on monkeys and rabbits to determine the existence of electrical
current fromthe grey matter of the braif166) Berger began his research by using
an Einthoven string galvanometer. He later used the Edelmann models, before
producing grounebreaking work with the Siemens double coil galvanometer. This
was the mahine that recorded the first ever human EEG with spatarisable pad
electrodes. One was applied over the frontal and occipital region to produce a
single bipolar channel recording of 3 minutes on to photographic péj@f)
Berger identified the alpha and beta waveforms and proposed the term

No SE}V %Z (G E u_

Figure1-9 Picture ofHans Bergereprinted fromNiedermeyer E, da Silva FL,

Electroencephalography: basic principles, clinical applications, and related figldg)

/v i6ioU >} E P & }uPo e+« E] vU E %o0] 3§ ctrodéeBP E[« A}
on himself and producing alpha waves when his eyes were closed. He increased the
A Eve}( EP E[* A}JEI v }v(Q&u ]38« & ] ]o]sC

EEQleviceshave developed over the years, with historic paper based machines
now superseded by odern digitaldevicessampling the analogue signal to create
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digitised dataThe advantage of digitisation is that it is now possible to change
settings, remontage, employ various signal processing techniques and annotate
this data retrospectively, whiclvas previously impossible once the waveforms

were printed on paper. With lge data storage now built into modedevicesor
available on servers, monitoring brain function can be performed over long periods,
enabling clinicians to monitor ongoing seizuegsl titrate AEDs appropriately and
assess the development of the diseaseqess in acutely ill infants. An additional
advantage of digitisation is the ability to create digital copies allowing sharing of
data amongst medical professionals and greaterusibess to data degradation

loss thus improving data security, and also rteagathe requirement to store

abundantvolumes ofpaper recordings.

1.5.2. Physiological principles of EEG
Electroencephalography is a visual trace of voltage difference between tebred
areas over time. Recording electrodes positioned on the scalp capignals
generated bycorticalneurons due to the conductive properties of the tissue. The
electrical activities are produced by extracellular current flow associated with
summatedexcitatory and inhibitory postsynaptic potentials (EPSPs and IF3ies).
EES is derived primarily from tls2generation of summated (EPSPs and IRSPs
rather than the presynaptic action potentials. The polarity of an EEG wave,
recorded from thescalp, is dependent on the net charge of the interstitial fluid at
the most superficibregion of the cortex. This electrical charge is conducted
through the meninges, scalp and skin heetelectrode. The net charge witha
specific region of the cortes dependent on the net charge of EPSs and IPSPs
arriving at the dendritic post synaptmembrane causing a net charge at the
superficial interstitial fluid. Influx of Na+ into the dendrite, due to an excitatory
action potential arriving from the thalamusicreases the internal positive charge,
leaving the interstitial fluid around the sypse to have a negative charge. The
excitatory Na+ current runs up the axon and exits to the interstitial fluid most
superficial to the cortical surface leaving a net entd positive charge. This is

conducted to the electrode and displayed as a downwagtlettion. The opposite
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occurs when an excitatory axon synapses onto the distal portion of the dendrite,
leading to an upward deflection. The principle for excitatoryuitsgs illustrated in
figure 2:10.(169)

Figure1l-10The origin of EEG potentiglsvhere a downward EEG deflectiatcurs from a
thalamic input to the proximal dendrite and an upward deflection fromtlaalamic input

to the distal dendrite. & % E]Jvs (E}u Ko iv] I | WX ZE pnEHUBOLC+]}0}P]

The internationally standardized 2D system was developed to ensure that EEG
recordings were performed accurately univerg&ll71) The guiding principle is

that if all recording centres adhere to this application system, recordings made at
different centres can beompared with the confidence that they are recording
from the same brai regions with similar parameters. In the adult version of this
system, there are 21 electrode positions on the scalp surfaiurel-11).

Application begins by measuring the heag,lbcating the nasion (the indentation
between the forehead and the noyand inion (the bony protuberance in the

middle ofthe back of the head) positions. The preauricular points of the ears are
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also located, then the skull perimeters can be measurediailgdand transversely.

The perimeters are divided into 10% and 20%rivéi¢s to identify the electrode
positions(172) The abbreviations refer to the electrode positions on the scalp, with

the letter referring to the region (Fp, Frontpblar; F, Frontal; C, Central,

Temporal; PParietal; O, Occipital and A, Auricular), number referring to the

Z ul*%Z & ~} vpu Ee<Ao (U A v vuu E+* A E]PZ3. v
midline. The ground electrode can be placed anywhere on the head, however

behind the ear on thenastoid bone is fben used, which is referred to as the

auricular electrode, while a reference electrode also needs to be applied which is

usually placed on the midline.

Figurel-11The international 1620 measuring systenfior EEG placemenstandardised

by the American Electroencephalography Society seen from the sagittal and axial
perspective; reprinted from Polikar Rt al. Comparative multiresolution wavelet analysis
of ERP spectral bands using an ensemble of clagsifapproach for early diagnosis of

Alzheimer's diseas€172)

EEG signal acquisition involves detecting electrical brain potentials in microvolts
(uV) from scalp electrodes, and converting them from analdgudigital values.
The continuous differential analogue signal of the differential electrical potential
between two electrodes is amplified before being converted to digital signal, via the
analogue to digital converter (ADC). Once amplified, the sigridtiared with a

v A] 8Z }( iXA &} 01,I1X dZ]* & u}A « «0}A E (E <p v C &}

EEG traceynhile the faster frequencies are removed to prevent aliasing. Once
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filtered, the analogue signal is converted to digital signal. This involveglisgy the
signal ata high frequency such &50Hz(or similar)to createa finite set of
samples, 250 in thisase, per second-ollowing this, the data can be stored on a

hard drive for future revision or it can be visually displayed on a screen/monitor

Using the international 120 system for electrode application on infants can be
challenging due to the smal size of the head. The system can be modified to
accommodate the head size by only applying 11 electrodes. The positions typically

used are F3F4, C3, C4, T3, T4, O1, 02, Ground (Al) and Reference (Fz).

Figurel-12International 10/20 system modified as used in neonates.

EEG traces can be visually analysigder during thereal time recordig and/or

post acquisitionTo ensure a comprehensive review is achieved, the EEG should be
viewed from different perspectives, and not only the way in which the data was
recorded. The method for achieving this is to view the EEEGcombination of
montages. A montage is a patterrf bow the connecting electrodes are

represented. Changing the montage enables the opportunity to view electrical
activity at different electrode positions. The EEG is initially recorded in a referential
montage. This is when emeactive electrode is refeed to a common reference
electrode, Fz in our case. From this derivation it is possible to change to other
montages, such as the average reference montage or bipolar montages. An average
reference montage is when each activeatlode is referred to theseraged

outputs of all theelectrodes Bipolar montages are adjacent electrodes connected
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in longitudinal or transverse directions, with one electrode (lead 1) acting as the

active electrode and the other (lead 2) acting as itiective electrode. In a bgdar

montage, a given electrode may be shared between electrode pairs representing an

EEG channel but in different positions iretpair. For example, in FigurelAC4 is

lead 1 in the C02 channel but is lead 2 in the4 @annel. In EEG, the

conventon is that a negative potential at an active electrode produces an upward

deflection, however if the potential occurs at an inactive electrode a downward

deflection is withessed, where the potential at the inactive electrodeeisg

subtracted from the ative electrode. The consequence of shared electrodes in

different positions in the electrode pair is that waveforms may become inverted on
Jve HS]A ' Z vv oeU ¢} 00 Z%Z e E A E-+ o[X dZ]* %o.

useful to deermine the origin of focatlischarges or seizures on the EEG in a bipolar

montage.
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Figurel-13Example of a Bipolar and Referential montag®m the same EEG recording

bipolar (A) and referential (B).

Montages are logical arrangements of electrode placements on the scalp for the

display of the EEG activitfhe montages display channels of waveforms of

different amplitudes and frequencies. The frequenaé&she EEGre usually

categorised into frequecC v ¢ 00 08 ~weU §Z 8§ ~}eU 0%Z ~r
(Figurel-14). The delta band consists of the slower frequency waveforms of 0.5

3.5Hz, theta waveforms are slightly faster at 4.5Hz, alpha at 7.5H#z12.5Hz and

the beta waveforms beindhe fastest at 12.5t 30Hz.
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Figurel-14 All EEG frequency bands derived from the raw EE@rinted from Tye, @t
al. (173)

1.6.Normal Pretem EEG
The EEG of preterm infants varies, dependings@nAsinfants mature specific
waves appear/disappear, change in morphology, characteristics and organization.
Figurel - 15 displays the features evident at different GAs. The evolving EEG

reflectshow the brain of a premature infant rapidly develops.
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Figurel-15 Maturation of preterm EEG featureKey: AS, active sleep; QS, quiet sleep;
AW, active wakefulness; QW, quiet wakefulness; STOPS, Shata bn the occipitals of
prematures; PTT, premature temporal theta; SAD, slow anterior dysrhythmia; GA,

gestational age.

1. CyclicityCmcordancebetween behavioural states and EEG states are only
recognisable after 30 weeks GE/4) Previous studies described sleep
wake cycling as evident post 30 weeks GA while younger infants are in
indeterminate sleep stat€l75) However, differentiation of sleep is

detectable in youger infants when full poly@phic recordings of at least 1
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hour is undertaken. The polygraphic features allowing for sleep
identification are electrooculogram, electromyogram and respiratory
monitoring (174, 176179). Infants show alternating periods of continuous
EEG activity with eye movements and discontinuous EEG activity without
eye movement$174, 176)The duration of two successive periods has been
reported to vary fom 9 minutes 40 seconds to 55 minutes 20 seconds in 10
preterm infants between 24 weeks two days to 26 weeks four days GA
(176) CurziDascalova et al. previously reported a mean sleep cycle duration
of 39.7 minutes in premature infants between 27 and 30 week$1GA)

whilst Scheeet al. reported a mean cycle duration of 68 minutes in a slightly

broader range of GAs (230 weeks)178)

Sleepwake cycling relies on the maturation of interconnected neural
networks located throughout the cortex, diencephalon and brainstem. The
influence of deeper brain structures alloiee cyclicity to be recognisable in
the younger infants before prag thalamaocortical connectivity has
developed(179-181).

Sleep stages become more recognisable over time. At 35 weeks &A, th
following sleep sties and cyclicity should be expectél/5)-

o Active wakefulness (AW) and quiet wakefulness (QW): charaetk
by continuous activity; in AW with mainly movement and muscular
artefacts.

0 Active sleep 1 (AS 1): higimplitude continuous tracingareceding
quiet sleep (QS).

0 Active sleep 2 (AS 2): continuous loveenplitudetracing with more
rapid activity, whicHollows QS.

0 QS: discontinuous or sefdiscontinuous tracing

2. DiscontinuityThe EEG pattern of a prematurdant, is mainly characterized
by discontinuous activity. This pattern is characedi by(active)bursts of

high amplitude deltetheta activityintermixed with periods ofinactive)low
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voltage activity, also known as IBI activityith increasing GAwer time, the
duration of the IBI decreases, the burst duration increases, the overall
amount of discontinuity decreases and the amount of continuity increases
(182, 183) Therefore, an extremely preterm infant Wilave longBI and

short periods of bursts, but as the infant matures, the duration ofMiBI
shorten while the bursts will prolon@.75). Tracé discontinu is a term used

to explain these discontinuous EEG pda(175)

Figurel-16 The EEG continuity change with increased GHhe initial discontinuous trace

gradually becomes continuous with age.
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Physiologicallygdiscontinuity has been explained in animal studies which
show that cortical structures present spontaneous, intermittent activity
(121)that is a crucial endogenous driver for the development of brain
connectivity before the cortical networks are modulated by the exogenous
stimuli/sensory inpu{184, 185) Furthermore, early in development
GABAergic transmission does not effectively inhibit the generation of the
endogenous eventfl86, 187) Therefore, the electrical activity of egrl

brain networks icharacterized by 2 alternating modes of activity: the
locally generated spontaneous activity transients (SATS) and the periods of
relative silence between them (IBI€)88) Continuous oscillains of

different frequencies emerge while the normal inhibitory GABAergic

transmission mature and SATs gradual disap£39)

. SynchronyPresence of EEG synchrony is when all EEG features occur
simultaneously in homologous areas over both hemispheres. Although
interhemispheric synchrony has been shown to increase with increasing GA,
synchronous bursts/IBictivity between thewo hemispheres (paradoxical
hypersynchrony) is present in preterm infants <30 weekg13A, 190, 191)
Synchronous higamplitude bursts of activity are evident as early as 24
weeks GA, with 88% of bursts beingeshronous between 24 and 27 weeks,
often in the occipital areas, and almost 100% between 28 and 29 wekks G

(174, 176)

At 30 weeks GAyormalasynchronoughysiological activity is witnessed. If
this exceeds 51 of the discontinuous activity, it would be regarded as
abnormal(190) This asynchrongontinues, with gradual decrease in

frequency, until 36 weeks GA before disappearing at term(ags)

Synchrony is an important feature of EEG maturation, refle@mg
immaturecortex and the ongoing synaptogenesis of the corpus callosum
(174, 190, 191)
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4. Highamplitude delta Thisis a common feature, particularly evident <28

weeks GA. The amplitude exceeds >300 uV, while the frequensylasv as

0.3- 1 Hz. Morphologically it is generally smooth and can appear as a4nono
or diphasic wave. Superimposed fassetivity can be evident over the
centro-temporal regions. It is possible for the activity to appear unilaterally
or bilaterally, lowever most notably over the bilateral occipital areas, and

can continue up to <80 secon(lk74-176).

5. Sharp theta on the occipitals of prematures, or occipital sawtooth (STOPS)

These e regular rhythmical actities of 4t7 Hz, occurring over the
occipitalregions for a period of 0.53.5 second$192) The incidence is

higher in the younger ages, with a peak at 25 we@le)

6. Premature tenporal theta(PTT)These & runs of rhythmic theta activity of

4 t6 Hz, usually bilateral, often asynchronous. They are usually slightly
slower in frequency and higher in amplitude compare to STOPS. The
incidence peak is at 2931 weeks GA, but contingauntil 32 weeks GA in

ASand until at 33t 34 weeks GA in Q%75)

7. Delta BrushesThis is one of the most importaand best understood
featuresof preterm EEGDelta brushegonsist of fast rhythms (in the alph
beta range) superimposed on a slow delta wave. These fast activities mainly
appear on the ascendant slope of the slow w&{/é5, 194, 195)Thepeak
incidence of delta brushes between 32 and 35 weeks, howetbey have
been reported in younger and older neonates, disappearing by 38 and 42
weeks(175, 195) Their amplitude decreases with maturation and their
frequency becomes fastél74, 175, 194, 195Yopographically, delta
brushes are initially diffuse, before becoming more predominant in central
areas, in the temporaccipital regionsthen finally occipitally only at
around 36 week$174, 175)
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In infants less than 35 weeks GA, delta brustatbe elicited by different
sensory inputs, in addition to being a spontaneous act{g8b200) Visual
inputs evoke activity occipital§d97) auditory inputs egke activity
temporally(196) tactile stimuli to hand or foot evoke an activity in the
lateral and medial regions of the contralateral central cortex respebti
(199) while noxious stimuli in the heel can elicit delta brushes in the mid

temporal regons(198)

Delta brushes reflect the development of sensory functions and offer a
marker to evaluate brain maturation (19). The somatosensory cortex
developsvastly during the early stages of fetal brain deystent, with the
gradual disappearance of delta brushewlaggradual appearance of mature

activity reflecting this proceq497, 198, 201)

8. Frontal transiens. These e sharptransientsthat usually appear

synchronfpeoC S uU%o0]Spu -« (LA Bhpyiaiesmsoth,

incomplete and asymmetrical in appearance, and are evident over the
anterior regions. They can be seen at 835 weeks and with maturity,
becomes more diphas with a small negative deflection followed by a wider

and higher amplitude positive deflectidf75)

9. Slow Anterior Dysrhythmidheseare short sequences of delta waves

appearing over the frontal areas. Thigfere appears in AS1 at around 36

weeks GA, reaching amplitudes of 5G i1 ...(475)

The duration of the IBI has been associated with the development of cortical folding
of the brain, while sawtooth patterns sucls &TOPS and PTT are associated with

the order of cortical faling, with the pattern present at 2628 weeks over the
occipital lobe, before appearing over the temporal Iqi83) As these features
mature, continuty gradually becomes apparent. Talil8 specifies the background
activity, features and states that@expected in the EEG of preterm infants, at

specific age groups and how maturation gradually develops the EEG over time.
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Articles by Andre et al., Velaierini et al. and a book chapter by Boylan were used

to devise this tabl€174, 175, 202)
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CA (weeks) | Background EEG features Spatial & Temporal features Behavioural
state
24125 Very discontinuous STOPs Sharp theta on the occipitals of Frontal slow delta : Sparse Not observed
1Bl : <®s prematures Central slow delta : Monophasic, smooth with
Burst:Efii...s § D01 Occipital Sawtooth Rhythmic, regular, superimposed fast (>9Hz)
Hypersynchronous occipital activities (4+7Hz at 0.5£3s) Temporal slow delta : Occur in short sequences
Mono / Diphasic waves Smooth (bilaterally or unilaterally)
§Z S| 0%Z EZCSZus-HE)ii.. STOPS Occipital slow deltaMonophasic, smooth with
Theta waves Sharpu@E eS8+ }( Tii...s superimpased fast (89Hz)
Burst of sharp theta : Diffuse or temporally
26 t27 Discontinuous STOPs (as above) Central slow delta Not observed
IBI: <60s Occipital Sawtooth (as above) Occipital slow deltaHigh amplitude, smooth or with
HME*S W Efii...s ~ Thetawaves (as above) sparse theta/alpha superimposed
..s* § DO®BirlHz Premature temporal theta (PTT) Starting to Theta : Diffuse or temporally
Hypersynchronous appear PTT
Diphasic DeltaW E7iii...s t1#Ha X7
28 t29 Disontinuous PTT: (as above) Central Slow Delta : abundant lasting more than 1s AS t QS Outlined
IBI : <30s Delta brushesstart to appear Delta with Delta waves less diffuse thameviously t occipital
Burst: 0.3t1Hz & superimposed fast activity of 10620Hz predominance lasting <20s
*}u §Ju « Eiii...s | Thetawaves Temporal or Occipital Theta : mainly temporal & occipital at 201 01...s ~
Hypersynchronous synchronised diffuse bursts appear sharp temporally)
Delta Brush

Diphasic Dela: 30t iii...s S tRPMA
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Continuous (AS)
IBI : QS <10s

Burst : (as above)

Theta: (as above)

Slow anterior dysrhythmia (SAD¥hort

bursts monomorphic/polymorphic delta
waves, 13 Hz, amplitude 050-iii ...s ]v

frontal areas appears in AS 1.

SAD

occipitally during AS; quite diffuse during QS.

30t32 Discontinuous (QS) & PTT: (as above) but more in QS Delta: 0.72Hz 100711 ... sV u }Varigl dynchronous;| Poorly
Semicontinuous (AS) Delta Brushes Diffuse 0.5t 1.5Hz more numerous in AS differentiated AS
[ IW GTis Jv Y7 ThetaW E Tfi..sV u JvoC d u%}E& ooC v ]Jv Y~* & QS
Burst: 0.5t1.5Hz, 100 Diphasic Delta: (as above)
fii..s v Z A
superimposed brushes
33134 Discontinuous (QS) & PTT: disappears in QS at-&w Delta : Occipitally & diffuse in QS More definte AS
Continuous (AS) DeltaBrushes decrease in amplitude & & QSperiods
/| W-164in QS increase in frequency (1 to 2 Hz). Occipital
Burst : (as above) predominance at 34w. Frontal transient
Theta: Diffuse
Frontal transient: at 34w t often smooth,
incomplete and asymmetrical
35-36 Discontinuous (QS) & Delta brushes both in AS and QS Delta : 22Hz decreased form 100ii...sV % E }u| QS,A%nd

wakefulness

TABLHE-3 MATURATION OF THE BACKIBROEEG FEATURES AND BEHAVIOURAL STATES OF PRETERAT HERED SNFORMATION FROM
ARTICLES BY ANDRE ET AL., VECCHIERINI ET AL. AGIBAXBEREBY BOYLANLGB TO THE CREATION OF THIS TABLE
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1.6.1. Influence of prematurity
EEG activity in pretermnfants changswith age, and is believed to change in
parallel with the anatomical development of the brain. The increased actVittye
superficial cortical neurones in layer Ill/IV possibly represents the EEG changes
mainly evident over the sensorimatcortex (15). A prominent feature of the
preterm EEG is the disntinuous pattern. It is believed that the high concentration
of chloride in immature neurons cause a depolarizing postsoaesponse. This
sudden change of electrical activity is thought to give rise to the burst of EEG
activity (187) During the process of neurohanaturation in brain development, the
chlorideregulating molecules experience expression change, which gradually
makes GAB more hyperpolarizingl87) Consequently, the electrical activity
progressively becomes more continuous, with the disappearance of discontiftuity
has been suggested that during the maturation of the brain from 24 weeks to 40
weeks, the bursts amplitude decreasesedo gyration, which spreads the cortical
electrical field(187)
Thepreterm brain exhibits electrical activity of very slow frequencies that can be
filtered with the conventional higipass filtered EEG, generally set at 0.G:3)
Preterm EEGsanbe recorded with the higipass filter set at direct current (DC)
levelif using heseDGcoupled EEG amplifievghich highlightfeatures of low
frequency bands (0.1 0.5 Hz) intermixed with higher frequency bar{@94) These
multiband events are cortical activity clearly evident in preterm EEG when

frequency filter bandsire applied, as seen irgtire :17.
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Figurel-17 Spontaneous activityransients (SATs) recorded from Gupled EEG
amplifiers (204)

These transients are often describedkassts ordelta brushe, however filtering

the lower frequenciegliminates the slower waved the SATswhile adjusting the
timebase highlights that these patterns are not genuine oscillat{@g83) As the

brain matures, the discontinuous EEG pattern along with the SATs becomes more
continuousand the SATgradualy disappeas. Theseburststend to appear over the
primary sensory cortices at a premature age, during the same period as when

thalamocortical connections extend from the subplate into the cortical p(a8Y)

Animal studies have also shown that this spontaneous pattern is evident during
devdopment of the brain. A studseported that removal of the subplate neurons
prevented the development of thalameortical and cortiecortical connections,
which subsequently affected accurate wiring of the brg@5) Subplate neurons
are found in tle WM of the immature cortexral contribute to the generation of
spontaneousspindle bursts. They play a pivotal role in the network of cortical
activity and consequently in cortical development, by amplifying thalamic input to
the cerebral corteX205, 206) Thus, cortical actity is crucial for cortical
development, and any abnormal cortical activity or disruption of subplate activity

could have implications on the wiring of the brg207,208). Without thalamo
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cortical and cortiecortical networks, EEG signals cannot be generél8d)
Corticocortical connections are believed to be important for the production of slow
EEG waveforms, with cortigbalamic loops and corticoortical connections
synchronising slowscillations (0.5Hz) from the cortex and the conventional delta
waves (1-4 Hz) from the thalamus to produce detectable slow EEG ac{R08§)
Additionally, the maturation ointra and interhemispheric corticoortical

connectivity coincides withhe increased appearance of more mature delta
waveforms(209) A recent study investigated the influemof temporal theteof the
preterm EEG and reported thatural developrent in the perisylvian areas hah
influence on preterm brain networks and the functional organization of the preterm
EEG210) An additiond studyhas showrthat large amounts of SATs activity in the
first postnatal dayss associated with fastegrowth of brain structures proving that
cortical networls areimportant for brain developmen211) Thiswas confirmed in

a study where MRI and EE¥&re used to compare the rate of growth during the
early postnatal period. Results showed the increased cortical netexirkity in the
first postnatal days was important for brain growth, while total brain nedugrew
faster in infants with more SATs and less electrically inactive pef2d@3 Another
study discovered that spontaneous movements of a rodent triggered sensory
feedback, resulting in evoked spindle burstigities in the immature primary
somatosensory cortex. It has been suggested that spindle bursts in laonew

rodent show many similarities to delta brushes of a preterm inf243)

Synchronisation between nested osaiibns within SATs and @xcurrence of SAT
events is believed to initiate the relationship between popigias of neurons

within the preterm brain(204) As the immature brain matures, cortioortical and
thalamo-cortical connections continue to grow within the subplate, however they
are believed to grow differently inachhemisphere. This leads to asynchronous
SAT activity with unilateral activities often evident. Therefore, synchrony of the
brain activity relags to the early networking and can be used as a guide for brain
development(214) By fullterm age, the SATs activities between the hemispheres
appear more synchronous, due to the formation of the corpus callosum, which

allows communication between the hemispher@ds7) Tracking the EEG synchrony
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changes during the early preterm age through td-fatrm age provides information
regarding brain development and whether any structural or functional

abnormalities are evident.

An ongoing aga of research is the comparison between intri@rine and extra
uterine maturation influence nthe preterm EEQt is unclear whether preterm
infants developEEG patternduring extrauterine life in the same way as intra
uterine. Studies have therefoliavestigated the aEEG/EEG activity of preterm
infants at term age and comparing to fidirm born infants. Resultsliffer between
studies, with some suggesting that there is no differe(@E>217), some
suggestinghat it delays maturatior{218-220), otherssuggest that it accelerates
maturation (221-223), while another suggested an increased incidence of
premature patterns such adelta brusheg224) The most recent study on this topic
compared sleefeEG a#i0-week GA between 20 preterm infants (<32GA) and-full
term infants (>37GA). With the use of power spectrum and topographical analysis,
it wasfoundthat by 3 months, major brain developments had occurred in both full
term and preterm infants, however the preterm infarftaaturation was altered

and delayed. Specifically, the immature EEG demonstrated more temporal than
central activity aterm age, and more occipital than central at 3 months of age
(220)

1.6.2. Influenceof Genetics and Environment
Early brain development such as neuromagiration andconnectivity are dependent
on specific epigeneati gene regulation, through DNA methylation and histone
modifications, which consequently effects brain function and EEG adidd8/227)
Early processes that occur between 127 weeks GAsuch as newnal migration,
synaptogenesis and apoptosis are influenced by genetic factors, meaning that
neuronal connectivity, in addition to genotypes, differs between infd228) The
development of thalamecortical andcortico-cortical comections in the subplate
zone are all influenced by genetic regulatidimerefore, genetic factors influencing

brain development will furthermore indirectly influence the EEG activity.
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Despite the influence of genetic factors, thevadoping brain is healy exposedo
external stimuli. The blood brain barrier (BBB) is still developing, making the brain
susceptible to toxins and insults which influence developn{g@®) Prenatally, the
most common soure of extenal substance is from the mother, such as food,
tobacco smoker medication, which can affect the course of fetal development
(230, 231) Another external source which could influence brain development in the
prenaal period is maternal streq231) Reports suggest an association between
maternal stress and certajpsychologicatlisorders such as attention deficit
depression, duzophrenia and hyperactivity disordé32, 233) The transition from
the womb to the external NICU environment during this critical period may
influence brain development, especially as a preterm infant. One study reported
how exposure to stressful procedwsuch as intubation, is associatedhwi
decreased brain width in the frontal and parietal lobes, altered functional
connectivity in the temporal lobe and altered diffusion measures of the &8d)
Other factos in the general environment of a NICU can also influence brain
development, such gsainful exposurs or procedure¢235)noise levelg236)or

NICU design such as open plan or single (288) This particular study recorded
aEEG at 4 timpoints during the neoatal stay and discovered that infants in

private rooms demonsated a trend of lower Burdjalov cerebral maturation scores

at term equivalent ag€237)

1.6.3. Influence of Medication
When analysing EEG recordings of preterm infants, it is essembal aware of any
medications adhinistered. Different types of medication may influence the EEG in
different ways and the EEG should be interpreted in the context of these drugs. As
previously stated, surfactant is often administered to preterm infanthenNICU,
due to the lack of natral surfactant in their undeveloped lungs. Surfactants cross
the BBB, which means that the brain will be influenced by the 23§) A study
in which23 preterm infants were treated with surfactant reported theEEG

depression occurred 10 minutes following treatment, with the burst rate decreasing
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to 67% of the initial value for a duration of 2 hours after treatméf9). The cause
of this is still unclear, with no rafion to transient hypotension or changes in blood

gas however there is an association with increased cerebral blood vo(@d@

Caffeine citrate is useds a central respiratorytimmulant of preterm infants,

suffering from apnea of prematuritAdministrationwill alsoaffect the EEG

however he opposite effect is evident here, where the amplitude and periods of
continuity canincreaseThis coulde explained by (( ]Jv [¢ ea&dnypo
pharmacological affeciThisincreased continuitgan persist for up to 2 hours
following the administratior(241, 242) Caffeine is highly hydrophobic and can
penetrate cellular membranes very easily, by giendiffusion carrieimediated
transport(243) A recent study by Vesoulis found a trend towards increase seizure
burden in very preterm infants who received earligthdoses (30 6i0uPIIP }A &
36 hours) of caffein€244) However, this dose is larger than the range of doses
typically administeredlinically whichis generally betweeb-10mg/kg. Contrary to
these reportsa young adult study by Dworetzky et al. concludadfeine intake is

not associated with seizures, whereas smoking cigarettes increased the risk of
possible seizure@45) Furthermore, aecentsystematic reviewalso reported the
seizure susceptibility relationship with caffeine, however they also reported that
caffeine usen animal studies decreased the asfileptic effect of some AEDs
however furtherhuman studiesre needed to identifyacceptabledosage levels
Currently, if caffeine is administered when AEDs sudb@isamateare also

administered, seizure managemeshould be closely superviséa46)

Profound suppression dhe background EEG has been observed in full term and

preterm infants following infusion of morphin@47, 248) whilst in a detailed

preterm infant studya burst suppression pattern becamearent following a

bolus dose of morphin€249) Specifically, it washownthat cyclicity was abshed

for 24 hours, while the IBl was also increag2dB)X D} E&E % Z]v Z « v- ((]Jv]sSC (
opioid receptors found in several areas of CNS including I&yef the cortex, and

enters the CNS via the BBB, before influencing brain ac{®8)) Another opiate

drug, fentanyl, was investigated in an animal experiment looking at SATs at
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prematurity. This study found reduced SAT length in responseritafRyl(251)

ABDs have also been shown to have an effect on the. BE@eviously mentioned
phenobarbitone, as an example & GABAnediated inhibitory neurotransmitter,
which delays the GAB#ediated Clchannels from closing and consequently
prevents synaptic excitabiy. A study by Shany et al. examined the influence of
various AEDs on the aEEG (inc. lorazepam, diazepam, phenobarbitone, midazolam
and lidocaine), assessing the voltage changes before and after administration, in
addition to the tme taken to return tanitial voltage(252) Significant depressn

was evident following administration of lorazepam, diazepam, phenobarbitone and
midazolam. The recovery time in these AEDs ranged from 15d#irs, with an
average period of 2.5 hours. Thus, drug dosages affect the EEG redmeerigut

this is alsalependent on the AED, as different AEDs have differentlivalf. The

AED with thdongesthalf-life is phenobarbitone, which lasts for 48147 hours,
depending on the dosag@53)

1.7.Amplitude-integrated EEGaEEG)
TheaEEG iderived fromthe EEG. It is a bedside tool, used mainly in ICU, which
recordsfrom 1-2 EEG channels. These signals are filtered, rectified, ppedeand
displayed oran amplitude and timeompressed scale, to represeatime-
compressed measurement of EEG. This allows changes in EEG amplitude and
activity over long durations to be viewed on one page of a screen, however
information concerning th&EG waveforms is logfaynard et al. developed this
form of cerebral function monitor in the 1960s as a way to monitor neurological
function over time in com@sed adult patients(254) The rawEEGsignal is
recorded from the electrodes, and initially amplified before passing through
asymmetric pastvand filters that atenuate activity less than 2Hz and above 15Hz
(240) The reason for this is to remove artefacts from the recording. The signal is
rectified and smoothed before undergoing time compressamd semiogarithmic
amplitude compressio255) Thisallows the aEEG to be generated, by displaying
amplitude fluctuations over a short period of time. Modern aEEG deviaes the

advantage oflisplayngboth the aEEG trace and the raw EEG trace. It has been
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adopted by neonatologistandit has the advantge of beinga simpleanduser

friendly method to monitor brain activity in neonates. It has some value in
detecting seizures, as seizures can cause transdieiiections on the aEEGuL it

must be checked against the raw EEG trace as d#utorssuch agransient

artefact can produce similar transient aEEG deflections. As aEEG is only recorded
from a small number of electrodes, usually in the fronto centrgparietal regions,
focal seizures in other areas may be missed compared to EEG monitoring with a
fuller electrode coverage of the hedd56) EEG remains the gold standard for

seizure detection.

To record a single chann@EEG, the international 12D classification suggests
using a pair of biparietal electrodes over the-lP8 positiong257) Nevertheless,
other positions such as &3 are acceptable. Commonly, two channel aEEG is
performed, where F£4 and FE3 are the preferred positions in the NICU at
CUMH.

1.7.1. Preterm aEEG
TheaEE®f the preterm infantis predominantlydiscontinuousdemonstrating a
burst tinterburst interval (IBI) pattercalled Trace Discontinihis is a nonal
physiological state and should not be confused with the pathological burst
suppression patternIBls arequiescent EEG periods reflectilogv voltage brain
activity (258) The lower margin of the aEEG is defined byldwesr amplitude
range of the EE@hile the upper bader is defined by the peak amplitude of the
bursts(259) By34-weekGA, tle EEGhould be continuous, and this should be
reflected in the aEEG recordirgigure 1t 18 shows how an aEEG of a preterm
infant initially displays a discontinuous aEEG recordingpecoming more

continuous by 34 weeks GAlso evident in this figuns sleepcycling orcyclicity.
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Figurel-18 EEG discontinuity change with agilustrates how the aEE initially
discontinuous in a preterm infan@27 weeks GA), but becomes continuous by 34 weeks
GA.

Thepattern aEEG classification by Hellstrdftestas and Rosgi259)recommends

§Z & ] }vdlvpulpue "Z e+ o0o}A v §]A]18C }( DA ...s v u
§]A15C }( EZi]o..sU}vs]vulpe "Z e+ o0}A v §]A]S8C }( E

MH%0 % E Vv ] A1.56e (I BaBsificaton was described-as:

Continuous Low band activity of >5\ and upper band activity of <50/

B. Discontinuoust Low band activity of <5\ and upper band of activity of >1¥
Burst Suppression Discontinuous activity with periods of very low activity $2and
upper band of: > 25V

D. Continuous Low VoltageVery low voltage with lower band e .\ and upper baa
of <10 .V

E. Flat Tracet Extremely low voltage of <5/
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An example of the different aEEG classificationssamvnbelow:-

Figurel-19aEEG classificatioby HellestromWestas and Rosen. A, Continuous (nearer
term age of 34 weeks GA); B, Discontinuous; CsB8uppression; D, Continuous Low

Voltage; E, Flat Trace.

A method of scoring the background activity of #feEGvas suggested by

Burdjalov et al., bdistinguishing certain features of the aEE®)(rel-20) (260)

This method was designed for lftérm and preterm infants. Four components are

estimated from inspecting the aEEG, namely the caityn the cyclicity, the lower

border amplitude, and bandwidth span and lower border amplit(2eD).

1. Continuity is assessed by the overall density of the trace, with frequency
variations over time. This can categorise the aEEG as continuous or
discontinuous normal voltage.

2. Cyclicity is when the bandwidth expands and contracts due to the state of the
infant. Sleepwake cycling is evident when the aEEG displays waxing and waning
morphology.

3. Amplitude of lower border is the average lower amplitude level during the
recording epoch.

4. Bandwidth is the difference between the upper and lower borders.
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Figure 1-20 Burdjalov aEEG background scoring systeaprinted from Burdjalov, VF et
al. Cerebral function monitoring: a new scoring system for the evaluation of brain

maturation in neonateg260)

There are differences between the two classifications, however the main one is that
the Burdjalov score owlindirectly provides measures for pathological patterns with
the primary focus of describing the physiological maturation of electrocortical
activity. In comparison, the HellstroiWestas classification distinguishes

pathological and physiological patterA.study by Burns et al. investigated the two
classifications and their performance in predicting prognosis, and although both
appeared useful, the éllstrom Westas classification performed betfer the

prediction of outcome at 2 years of a¢g61) Although tre Burdjalowscoring

system is commonly used, it does have its limitations. First and foremost, it only
looks at the aEEG alone and does not refer to the raw EEG at all. Rule number one
for aEEG interpretatiois that the aw cEEG shoulsobe investigated, even if it is
only one or two channels. It is very important to look at the raw E&t@&urrently

with the aEEG, even if limited channels are available, as some artefacts can only
truly be identified by tle raw EEG, su@s movement or muscle artefact.

Furthermore, the summarization of the descriptive scores are vague and subjective.
An example of thisre § Z e E]%3]}ve Ze}u AZ § }vs]vplue[ v
cyclica[ X dZ A}E Ze<}u AZ §[ ]eoulde®dtoinddhkistent results
between reviewersAnother limitation is the similarity between thexores of

amplitude ofthe lower bordercategory There are three possible scores and only

2V separates the lowest score of 0 and having the highesegmussible oP.

Having such a small difference to separate three possible scores questions the

relevance of the lower border amplitude categofhis scoring system is, however,
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a readily available scoring system that has been used in numerous aEEG

invesigations in peterm infants(262-268)

The background scores of preterm infants depend on@#gwith discontinuity
beingmore pronounced in the more extremely preterm infants while cyclicity
becomes more apparérnn the older infants. The aEEG is often used for preterm
infants because foease of application, maintenance, and interpretati@9) It is a
userfriendly procedure that is used worldwide in the NICUs. Nevertheless, research
has shown that it is not as accurate as the EE®ighng lower seizure detection
sensitivity and inteiobserver agreemenf269, 270) If the aEEG is used as a
diagnostic tool, it is strongly advised that the raw EBGukI also be interpreted to

confirm any findhgs(271)

1.8.Abnormal Preterm EEGShort termdiagnosis
The presence of normh@ar abnormal waveforms on the EEG can alBaibed to
assess braidevelopmentin premature infants, as well as being the gold standard

for the detection of seizures.

Certain EEG patterns have been related RUS structural abnormalities, such as
positive rolandic sharp wavg®Rpand white mater injury (272274). Additionally,

it is possible for the spatial and temporal organization of EEG patterns to be
disrupted, which may reflect impaired brain developmén®4) As a result of these
findings, Watanabe et al. characterised abnormal EEG features into acute and
chronic stage abnormalities (ASA and CSA, discussed l{éRAy)Furtherstudies
used the Watanabe classification to study brain injury in preterm infants, such as
the association with PVL, with oséudy showing that 96% of infants suffering from
PVL presemd abnormal EEG tracé®75) It is thought thatthe timing of brain

injury canbe estimated due to the ASA/CSA features of the (Eiftirel-21) (194)
The EEG pattern of an acute brain injury is an initeA for EEG depression),
followed by a gradual improvement tdie ASA, before being replaced by CSA

waveforms. Watanabe suggests that the first EEG after birttpoawvide
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information aboutwhetheraninjury was prenatal or perinatal. In a situation of
prenatal injury, EEG monitoring would miss the initial ASA, tloeeconly displaying
CSA. A perinatal injury would therefore show ASA on the EEG if monitoring
occurred soon after birth, while a postnatal injury would display ASA (&8:t)

Figurel-21 The timing of brain insults and impact on EEG findingeprinted from
Watanabe ¢ al. (194)

Acute stage Abnormalities

Acute stageabnormalitiesindicate a change in cerebral function or more
specifically chaacterised by suppression of normal background actiidgA)
Comnon changes are the disruption of normal sleemke cycling, deeased
continuity for the expected GA, or evidence of voltage decrease. These changes
have been reported to occur as a result of primary brain injury, such as in a
response to an acute IM{a76) Alternatively, thee disruptions could temporarily
occur secondary to factouch as surfactant, sedative or antiepileptic medication
(239, 249, 251, 277pr alternatively secondary to clinical events such as low
cerebral blmd flow (278) The severity of the ASA is gradedilig scores, with 5
being the most severe (Tabled).
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Continuity Frequency Voltage

ASA Grade | Prolonged IBI §S vp § r\
ASA Grade Il Mildly low voltage
ASA Grade IlI Decreased

continuity

ASA Grade IV Absent continuity | OnlyDelta activity | Moderately low

voltage

ASA Grade V Very low/flat

voltage

TABLH-4 WATANABE CLASSIFICATION OF ACUTE STAGE ABNORMALITIES.

Chronic stage Abnormalities

CSA are classified as either disorganized or dysmature EEG patterns, and are graded
as mild, moderate or sever&ome features of both patterns may also be present
simultaneously over a number of timgeriods(194)and prolonged monitoring or

serial EEGs are recommended to assess the evolutitred=EG and characterize

the pattern type.

Disorganised pattern

Disorganised waveforms are abnormal and morphologically deformed, presenting
Al8Z o | }( Z+u}}3Zv ««[U A] E -tospeéhklamg@itude, ab¥ermial
sharp waves and delta brusletavity with spiky, cogwheeshaped appearance.

These are often eviht in delta waveforms and/or delta brushes known as

Zu Z v] o EpE4)Aavhigh have specifically been associated to PVL,
reflecting also the side of the lesi¢@79) In terms of short term diagnosis,
disorganised waveforms haveportedly been associated with strong/acute injuries
to the brain,such as severe perinatal asphyxia or severe(I\Ngd, 280, 281)A

study by Okumur&as showrthat CSA was useful for assessing brain injuryh wit
disorganised abnormalities evident in 60% (31 of 52) of infants with PVL and 13%
with IVH.(280) The severity of disorganised waveforms depends on whether they

appear occasionally or whether they are evidentidgrthe whole tracing.
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Figurel-22 Example of Disorganised patternkifant 31+6 GA, with an EEG recording
started at 4 h of age. CRUS demonstrated asymmetry of the lateral ventricles (left >

right), while the MRI showed resolving left grade 1 IVH.

Dysmature pattern

A dysmature EEG is when immature patterns, or IBI durattypical of a younger
GAare evident in a more mature preterm infant. These include EEG patterns and
transients such as very high alitude delta activity, temporal theta bursts or
rhythmical activities that suggest a younger EEG pattern than the iffant S o
corrected ag€194) For this activity to be properly categorised as a CSA and not
acute depression, grading should be made closer to term age, where its persistency
should be evident, therefore prolonged or serial EEGs are recommended for an
accurate inerpretation (224) In terms oshortterm diagnosis, gsmature patterns

are reportedly associated with mild/prolonged brain injur{@94, 280, 282)
Associations could bieom conditions causing mild, prolonged depression of central
nervous system function, such as patent ductus arteriosusGlridncludingBPD

or ROR283, 284) In the studymentioned previously in the disorgang@attern

section by Okumura, it was also reported tlhigsmature patterns were alsseenin

28 infants, with 11 providing evidence of IVH and 1 with 8Q)

Furthermore, there has been some ambiguity arouh tlasdication system, as
dysmature features are also evident in the ASA and are also intermingled with more
disorganized pattern§283) A feature regarded as a dysmature pattern by some
authors is asynchrony, however this is an accepted feature inarefyextrenely

preterm infants. Its presence ininfantd 16 A | ' U u]PZs$§ *]Pv }( Vv}CE
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maturation (174, 176) such as alteration in subcortical signalling and of progressive

synaptogenesis in the corpualsum(174, 190)

Figurel-23 Example oimmature Dysmature patterndnfant 31+2 GA with an EEG
E }E JvP 3§ 1T A e[ ' X dZ]e *Z}A+ u]o y(nadplfdeitalwayesy SuE]S
and brushes which are normal in morphology but still diffuse and anterior, instead of

localized in occipiteéemporal regions.

Postive Rolandic Sharp Waves (PRS

PRS (figurel-24) are sharp activity of positive polarity appearinghe
rolandic/central region of the brain. This transient has been classified into two
types: type A and B285) PR3ype Ahave a fairly high amplitude, a clearer
association with WMI and are clearly evident on the backgd EEG, while type B
are of lower amplitude, consequently harder to identify and the prognostic
significance is less understood. It is a pattern first dbsd byDreyfus Brisac and
Cukier in 1972286) and was originally reported in association with Ii2B7-290)
This associ@n developed where PRSvasbelieved to be a specific marker for
WMI or PVI(291, 292) Reported incidence rate of 48100%, along ¥#h an
association with disorganised EEG patterns, suggest that thageformscould
provide early markers for PVL detectidxs the incidencefdPVL has deeased, so
too has the frequency with which we encounter PRSs in the preterm(ZEp
However, uncertainty revolves around this area with one stsulygestinghat PRS
rarely detects PVL, and that ASA and CSAisgwerrelates better with severity of
PVL between days 4 and 5t 14 of age, respectivel§294)
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Figurel-24 Example of Positive Rolandic Sharp Waviegant 26+2 GA with an EEG
recording that started on the 2nd day of age. CRUS showed grade 1 IVH.

Postive Temporal Sharp Waves (PTS

Thesewavesare very similar to PRBut localised over the temporal regions. The
prognostic significance is unclear, however one study has reported that a frequent
occurrence could be associated with poor outco(@85) In contrast, it has been
reported that when the occurrence is less in numisdrort in duration, low in
amplitude and regress rapidly, the association with poor outcome is not sigrtifica
Additionally, PTS (figure 125) appeared less and decreased rapidly in healthy
infants, while appeared more and persisted for longer in infavite pathological
complicationg296) Identificationof this transient can sometimes be difficult, as it

is similar to the normal PTT transig277, 297)

Figurel-25Example of Positive Temporal Sharp Wavkedgant 31+6 GA with an EEG

recording at 4 hours and 18 minutes of age. CRUS was normal.
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Mechanical/abnormal brushes

These waveforms are defined as spintike fast wave activity of frequencies
between 13 and 20 Hz and with maximal amplitudes over 40 guréil-26). The
spindles appear more pronounced and sharper compared to normal delta brushes.
A simple approach atcognising these waveforms is by applying a low cut filter of
10 Hz in order to eliminate slow wavEs/9) Theyare most often visiblever the
occipitattemporal and cental regionsn infants with PVLreflecting the side of the
lesion(279)

Figurel-26 Example of a mechanical/abnormal brushegfore and after filtering Infant
24+6 GA with an EEG recording at 4 hours &idninutes of age. CRUWhowed right IVH
IV. The parenigymal changes involve the posterior frontal lobe and measure

approximately 1 en from anterior to posterior This infantdid not survive.

Asymmetry
The backgrounactivity of the EEGs expected to be symmetrical across both

cerebral hemispheres, in terntd amplitude, frequency and morphology. When the
EEG is asymmetrical (figute7), it may reflect an underlying brain injurjjhere is

usually a certain degree of asymmethat is corsidered normal (if less than 50%
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between the Zhemispheres), and a fig side predominance of tempordkelta

waves has been reported as normal at certain d&%)

Figurel-27 Example of an asymmetninfant 31+6 GA, with an EE@cording started at

4-h of age.CRUS demonstrated asymmetry of the lateral ventricles (left > right), while the

MRI showed resolving left grade 1 IVH.)

Asynchrony
Synchrony of the EE& evident wherspecific waveforms and transients occur

across both Bmispheres without a time delay. Asynchrony is considered a normal
feature of very and extremely preterm infants, however if high amplitude bursts
%o % @E }ve]esS vSo0C <<Cv ZE}v}ueinpwoursts of sempbrdéd ' U pE
occipital delta activity in thee between 384 GA and if present duringSin infants
aged 3536 weeks, it can be a sign of abnormal maturatidrs, 176, 298)As the
corpus callosum facilitates communication between the hemispheresbdlisved
that reduction in asynchrony of the EEG with GA, reflects progressive
synaptogenesis of the corpus callosum, in addition to the theory that asynchrony

reflects alteration in thalamic subcortical signalli0, 298)
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Figurel-28 Example of asynchroninfant 34+6 GA with an EEG recording at 4 hours of

age. MRI showed focal ischaemic change in the right ventrolateral thalamus/posterior

putamen.

1.9.AbnormalPreterm aEE®Short termdiagnosis

The aEEG is commonly used in the NEDdyesearch to discovef any patterns

are related to short term outcombas ben undertaken The classification by
HellstromWestas and Rosen, in addition to the scoring sydtgrBurdjalov et al.
have be used tstudythe aEE®f preterm infants with significant brain injuries.
The most prominent feature of the aEEG to identify significant brain injury is the

absence of sleep cyclici(®55, 299301), as evident ifigure 1t 29.

Figurel-29 Absence of aEEG sleep wake cyclimg@ 30+0 male infant with grade IV

intraventricular haemorrhage.
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In a study by Olischar et al., two addrtad features were prominent in infants with
IVH, which were increased seiesrcaptured from the aEEG and increased

discontinuity(Hgure 1-30) (299)

Figurel-30Increased discontinuity and seizuresenon aEE@nd EEGn an 30+4 GA
male infant with right sided grade IV and left sided grade Il intraventricular

haemorrhage.

Both the classification by Hellstrom Westas and Rosen and Burdjalov scoring system
was used by Soubasi et al. for the identification of infanithwH, with numerous

aEEG features showing associations with the injury: burst suppression, flat aEEG
trace and voltage decrease of discontinuity and continuous patté308) Voltage
decrease was also reported by Wikstrom et al. in infants with IVH and (3(X} In

reality, although the research is interesting, clinically aEEG is not being used for the

identification of severe IVHue to the other available neuroimaging tools

1.10. Preterm EEGEEGas a prognostic tool
Preterm infants are at increased risk of neurodevelopmeakaiormalities The
aetiology is multifactorial, but brain injury in the form oH¥nd PVL are two of the
leading causes. Many other factors can impact brain growth and development at
this crucial time in maturation includingalnutrition, sepsisNEC andDP It is

therefore imperative to improve our knowledge regarding the preterraibrard to
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do so, research needs to continue in the arBanificant advances over the last
three decades, such amitrition, respiratory support ananaintenance of

temperature have seen a reduction in the incidence of many of these conditions,
with arelative improvement insurvivaland developmental outcomg304)
Nonetheless, IVH and PVL still remain significant problems, espeatitiy imore
immature infants who remain at greatest risk of adverse short and-teng

problems. Therefore, studies investigating the preterm brain and the preterm EEG
should contime to provide further useful informatiofor long term development

andto improve our current knowledge.

1.10.1.EEGVionitoring
Although EEG is the gold standard for assessing brain funtt®pyocedureor
applicationper studycandiffer, such as minimising the amount of electrodes ysed
or the performance ofserial EE@ecordings Appendix Endicates the identified

articles that used EEG as a leergn prognostic tool.

EEG performed with limited electrodes is command the disadvarage of this is
limited spatialdata. Availability of clinical staff to interprebnventional EGcan
often be difficult,thereforeit is not surprising that there is an over reliance on the
aEEG trenth the NICUA study by West et al usdeEGontinuity measures from
two channel EEGwithin the first48 hoursafter birth, to predict outcome in a
cohort of infants below 29 week805) Results showed that althougjuantitative
analysisof EEG continuity had the potential to correctly predict
neurodevelopmental outcome, it was not as accurate as a neuroploys®] S|
asessment The evaluation dBl burst features, seizusand synchronyvas
assessed by the neurophysigiet, while the quantitative analysisf continuity was
determined by the percentage of the amplitude of the EEG reaching a specified
amplitude thresholdn one minute A limitation was that only 1 hour of EEG was
analysed. Althoughmited periods were used for both assessments, using more
EEG data might have improved the EEG evalugiomestudies investigate

particular features of the EEGuch as bursts, and this caometimesbe achieved
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from limited channelsA study bylyer et al.recorded2 channel EEGf preterm
infants between 228 weeks GAt 12, 24, 48 and2-hour post-natal agesto
investigatethe bursting pattern of corticaactivityand showed thabursting
properties can correlatavith longterm neurodevelopmental outcome. Resuétso
showed that higher burst sharpness and low regression slope values (linear
relationship between burst area and duration) were correlated wiigath or poor
cognitive Bayley scabxores (<85 scora) 2 yearq306) A limitation of the study
whichis often seen ipreterm studies, ishe limited numberof electrodesresulting
in a poorspatial coveragerThis could result in missing importaattivity or even

seizures.

Somestudies have used multichannel Et6Gpreterm monitoring A grading

system often used to predict adverse neurodevelopmental outcome or mortality is
the Watanabe grading syste(f94) Usingthis systemyesearch hasuggesed that
dysmature patterns of the EEG are the most prominent features for assessing the
prognosis of neuromoto(307)and cognitve developmen{280, 307)In a study by

Le Bihannic et al., it was reported thdisorganised EEIBd to cognitive

abnormality in # cases, with two diagnosed with CP. The sensitivity and specificity
of EEGuwithin the first week of lifdor psychomotor outcome were 83.3% and 88%,
respectively(307) Highspecificityin particular suggest thatbsence of CSA

patterns is a good predictor of cognitieeitcome.This is supported by another
study,HayashiKurahashi et alwho found a high specificity for moderate to severe
abnormalities, whilghe study alsdound thatdisorganised patterns witholRRS
within the first month of life was a marker of adweroutcomeg293) These findings
suggest that dysmature and disorganised pattenage the potential tobe an

indicator for poor outcomeTheacute stage abormality (ASA feature from the
Watanabe grading systemere consideredn another study by Maruyama et al.

who investigated the prognostic value of EEG indbeelopment ofCP. An
association wadescribedbetween the presence of severe ASA on day 1am@®

CP following a psychomotor developmental assessment at 18 m¢d@& This
suggests that both CSA and ASA should be considered as early indicators of

complicationsThe most significant limitation of theseuttichannel studies is the
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short length of monitoring undertaken. Majority of studies report monitoring
periods of approximately 40 mirt 1 hour, which is short when compared ttee
majority of aEEG studies that monitor for 3 daysnore. In short recordags,
seizuresmight bemissed, whilestate change islsodifficult to identifyin such a
short period The earlyostnatal period is when an infant is vulnerable, therefore
recording the whole period is imperative and monitoring a portion of this pesgod i

unreliable.

A grading system was devisky Perivier et al. to assess the association between
short serial EE@&cordings (minimum of 45 minutes) and neurodevelopmental
outcome.Here, thedevised grading systethat ranked the EEG as normal,
moderatelyabnormal, or severely abnormal was used on the basis of the degree of
abnormalities and their persistence. The EEG during the first week ofshiotived
good specificity and positive likelihood ratio five prediction ofoutcome at 2

years of ag€309) In contrast, a significant limitation of the study wisit

although the specificity was good, the sensitivity was very pod6& which raises
concerngregarding the quality of théevised grading systerkurthemore, another
limitation was that, although a lot of EEGs were performed, infants did not receive
equal number of recordings. Certain infants might have received multiple
recordings while othersnly received oneThis means that data collected per infant
is notcomparable and théime and age othe infants duringeEG recordings might
not be comparable eitherinally,it wasalsoreportedthat over 120 paediatricians
performed followup at 2 years of ageéherefore a large amount of subjectivitywas

alsointroducedto the study

Quantitative analysis of the EEG is also thought to be useful, with total absolute
band power (tABP) being used for outcome predictidrstudy bySchumacheet

al. found that the tABP iinfants between 2428 weeks GA was sigiadintly lower

in infants who hada poor outcome,as assessed by thgayleysscales Specificy

and negative predictive valugere high in this group, whilst no correlation was
discovered between tABP and outcomdnfants between 281 weeks GA310)

Furthernore, astudy by Jennekerst al.found $Z § u}es § W v o ~ %
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power increase. It is thought that maturational change is largest in the frontal and
temporal regiors, whilst theEEGhange during maturitgould be due tangoing
brain growth and developmen{311) Although quantitative analysis is improving in
EEG, certain limitations were evident in these two stgdNeither studieanalysed
the EEGs visually,eghefore complete confidence was put into the trend analysis,
while certain EEG features of particular morphology would not have been
identified. Schumacher et al., for example only analysed the tABP r&aeav
software package, meaning that mtectroercephalographes were used for
analysis. Furthermore, these trend softwamere designed to analyse adult EEGs,
not preterm EEG4g=inally a limitation of the Jennekens study was the very low
sample size 018 infants, however three aspects of the transfad signal was

calculated, whiclallowed detailed analysis to be performed.

Some reviews have attempted to evaluate the usefulness of EEG monitoring in the
preterm infant. An EEG based revibwHellstromWestas and Rosergporteda
correlation betweerpreterm EEG findings and short or long term outco(@&2) It
stated that the only EEG feature associated with a djebrain injury was PRS,

which indicated prognosis @P(312) Furthermore, aeviewby Tichet al.

suggested thatlisorganised patterns also show a risk of CP, whilst PRS was a
marker for PVLTherefore, there are still discrepancies in the current literature.
Variability is clear among studies which emphasises #exrio improve the

approach for studies in the futer The main variations that occurs across preterm
EEG studiearethe age at which the EEG is performed, the length of the EEG
recordings and number of recording per patient, and finally the age of
neurodevelopmental followup investigations. In terms oH&, the ideal approach
would be to perform the monitoring as early and for as long as possible, whereas in
terms of followup, a study be Breeman et al. suggested that adult 1Q could be
predicted by cognive assessment at 2 years of a@d3) Therefore, followup at 2

years is a reasonable period to assess development.
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1.10.2.aEEGMonitoring
Appendix Burther indicates aticles that used early aEEG during the first days or
weeks as a lonterm prognostic toolStudiesusing aEE@chniques have found
different resultswheninvestigatinghe performance of predicting
neurodevelopmental outcomeEventhough the Burdjalov score has numerous
limitations, as previously described, it is still commonly used in aEEG studies
predicting outcomg262-268) Numerousvariablesand heterogeneityare identified
betweenaEEGtudies makingstudy evaluationglifficult. Length of recordings
rangebetween 4t 72 hours, while followup ages differed also, ranging between 4
t 24 months(261-266, 268) Furthermore, a mixture of findingsave been
reported from different aEEG studied/esoulis et afound that seizures in the first
three days of age had association with poor language development and death
(314) while Wikstrom et aldiscovered thaburst suppression pattern anl
percentage >55% at 24 hours aadlepressed aEEG in first 12 howesassociated
with poor outcome(315) Certain findings were reproducible howeyeiith a
secondstudyfrom Wikstrom et al, reporting thataEEGlepression waalso
associated withan adverse& year outcomg303) Furthermore a study by Reynolds
et al.found that the lack of cyclicity in the first 6 weeks of,lif@s associated with
poor outcome(265) and this can beomparedto a study byKidikoro et althat
concludedthat the absence of aEEG cycliwgs predictive of poor outcome,
however thisassociatiornin particularwasduring the first 24 hours of age in infants

between 27 and 32 weeks G316)

Although EEG monitoring is the gold standard, it is not always possible to perform
dueto the difficulty of applying numerous electrodes, which consequently takes a
longer time to setup. Therefore, it is also important to continue the research of

aEEG and prognosis, as currently this is utilised more often than EEG in a clinical

setting.
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Summaryf EEG/aEEG as a prognostic tool

A recentCochrane review from Kong et al, investigated the relationship between
aEEG/EEG and outcome, suggesting ot aEEGNAEEG are useftbols (317)

aEEG finhgs such as absent cyclicity, burst suppression, prolonged IBI, a generally
depressed aEEG aBdizureshave an association with adverse

neurodevelopmental outcome. In addition, EEG finding$hsas ASA, CSA and

abnormal transients also suggested a pooognosis.

As knowledge regarding preterm EEG increaitesneed for astandardised EEG
system forassessing brain health and the prediction of outcdmeomes
increasinglymportant. An EEG grading system, similar to that of the EEG in

hypoxicischemicencephalopathy, could beerybeneficialfor outcome prediction.

1.11. PretermaEEGEEG Seizures
Seizursin infants can indicate underlying neurological dysfunctibf). Preterm
infantsare at risk of seizures in conjunction with brain injury during the vulnerable
early postnatal periog315, 318)It is important to protect the developing brain,
and treat setures, however it is also important &void treating infants

unnecessarily, due tthe neurotoxic effects oAER (124, 125)

Early studies researched the occurreraf seizures based on clinical features alone,
without the aid ofEEG monitoringOre study collected prospective questionnaires
for all infants in the NICU, following educational sessions regarding neonatal
seizures and discovered an incidence rate ol Ider 1,000 live preterm births, with
preterm infants 6 times more likelp haveseizures compared to fullerm infants
(319) A study that retrospectively obtained information fromedical records
discovered a rate of 57.5 per 1,000 live births of infants <1,500 grams, which saw
the rate decreased as the weight and age increased, similarly torthequs study
(320) The vast repertoire of general movements of a preterm infankesaseizure

diagnosis a great challenge, as true clinical seizures are often suloitheeay
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difficult to distinguish. Therefore, seizure classification withBEGmMonitoring is

inaccurate, due to the lack of neurophysiological evidence leading to miszsesy

Seizure duratioftnas been reported to bshorter in preterm infants comparetd
full-term infants This, along with thtme compressed semogarithmic scale of
the aEEGmakespreterm seizure identification with aEEG alone very diffi¢821)
It is clear that multichannel EEG shouldused in conjunction with aEEG to

increase theaccuracyof seizure identificatior{322)

1.11.1.EEG Monitoring
Whilst monitoring the neurological state of preterm infants iretNICUremains
challenging, the potential beefits may be significant anEEGmonitoring is now
much more feasibl€323) Appendix Fummarises the studies using conventional
EEG to identifpreterm seizuresAlthough Okumura et al. stied seizures in a
cohort of infants which included preterm infants up to 37 weeks GA, it was possible
to identify seizure findings only fromfantsthat were 32 weeks GA or lesBrom
the 1045 infants recruited, 408 were 32 weeks GA or less, 9 infiaittseizures
and4 were below 32 week®.9%)Most seizures started ithe first 4 days ohge
whilst all had a focal onset, which was maximally temp(82a#) Even thoughhe
main objectiveof a study from Le Bihannic at. was to evaluate thprognostic
valueof the EEG in preterm infants, geire frequency waalso described-rom 61
infants below 30 weeks GA, two infants (3%) developed seizures during the first
week, from a mean recording duration of one h@807) Interestingly, no clinical
manifestations were evident during the episodes. Pisani efaalnd an incidence of
8.7%, followindl-hour monitoring of infants when sk factors or clinical signs of
seizures became evide(®25) It was also reportediat mortality in very preterm

infants with seizures is double that among similar infants without seizures.

Other studies havstudiedseizures in preterm infants, but nepecifically <32
weeks GA. An incidence of 6.1% was reported in a cohort of id@tétsveeks GA,

however only one hour of EEG recording was recoi@2d) Seizure onset was also
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reported within 48 hours in 27.4% of infants, whilst the majority of infants were
<29 weekg321) A study by Davis et atith the same age groupopulationfound
that 6.4% of infants had clinical seizures, however only 22% of these inféhts
clinical seizuredyad confirmed EEG seizu@26) In astudy by Glass et al., with a
population of infants <34 weeks GA, 3.8% of infarad clinical seizurs, however
only one infant displayed electrographic seizures. However, Zhiyur recordings
were undertaken(327)

The main limitation in current EEG studies is lck of ontinuous, long term
monitoring data. Although seizure frequencies are generally found to be low,

studies are unconvincing as EEG recordings are sparse and of short duration.

1.11.2.aEEGMonitoring
Appendix Rurther displays studies that used aEEG to determine the frequency of
seizures in infants below 32 weeks GA. From each study, seizure frequency was
reported, where possible, which highlights the varied findings. West et atrithesl
5 infants (6.6%) presenting thiseizures from a cohort of 76 infants below 29
weeks GA. All infants with seizures had poor outcomes, including 4 wh@3fiyl
A study by Shah et al. reported a frequenaterof 22% from a group of 51 infants
below 30 weeks GA, whilst also stating that seizures were more likely to occur in
sicker and more premature infants. These infaméslaEEG during the first week of
life for a median duration of 74 houendpoor outcane wasassociated wittthe
seizure incidenc€318) A seizure frequency of 43% was documented by Wikstrom
et al. from a cohort of @ infants between 22t 30 weeks GA. As the recording
commenced during the first 3 days of life, seizures had a strong association with
IVH however no association was evident with subsequent neurodevelopmental
outcome(315) During a two year period, 95 infants between 230 weeks GA
were included in a study by Vesoulis et al. vibond seizures id8%(314) By
recording continuously as soon as possible after birth, for an average duration of 66
hours, Vesoulistated that seizures identified on aEEG were common in the first 3

days of life, and were most prominent in infants with IVH andWhese two
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studies with seizure incidence of 48%are very high compared to some other
aEEG studies, and all EEG studiéss might be due tmisinterpretationsuch as
identifying bological and externartefacts highamplitude rhythmical slow
activity, differing GA and state changasseizuresCertainartefacts carraise the
aEEG baseline, mimicking seizyasch asnovement, muscle, respiration, and
hiccupartefact. Furthermore, a recent study by Weeke etshlowed that seizures
can often be nisdiagnosediue to thefamiliarnormal hythmic activity on preterm
EEQ328) These normal rhythmic EEG patterns do not evolve in amplitude,
frequency of morphology and are common during the first 72 hours aftén.b
Therefore Weeke et al. suggested that these waveforms could have been
considered as seizes due to the similar morphology atack of multichannel

application could havémited their ability to confirm the episodes.

Summaryof preterm aEEG/EE®isure incidence

Identification of seizures varies significantly between monitoapgroactes. In
terms ofseizure incidence, large inconsistencies ex&tveen studieswith results
ranging from 0.9%48% across all studies. A clear difference is pabte, with
aEEG studies reporting higher seizure frequencies compared to EEG g6ufie
48% vs 0.4t 3%, respectively). A possible reasontfoe lack of accuracy when
using aEE@ould bedue to the limited electrode applicatioand trending displays

It is important to ensure that aEE&viewdoes not only involve interpretation of
the trend, but also reviewhe raw EEG trace of those channels. The multichannel
EEG is the gold standard allowing even distribution of electrodes over multiple
brain areaswhereas certain brain areas are not covered by the aEEG. Therefore,
depending ontie methodology such as length of recordinthe EEG studies may

provide more reliable results.

Methodological differenceare evident between studies, including monitog

duration and start time of recording. One clear advantage from the aEEG stsidies i
that application is easier and quicker and can often be applied by nursing staff, with
most recordings starting within the first 72 hours of life, which is when seizures

most commonly occu305, 314, 315, 318Monitoring durationfrom the majority
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of aEEG studies varies betweerlT4 hourswhile the majority of EEG studies only
involvingl1- or 2-hourrecordings. Longer recordys are likely to be more effective
in detecting seizures, particularly when seizures are occurring infrequently, in

addition to monitoring electrographic changes during hrdevelopment.

This highlights the need to improviee EEG application approachdthe

knowledge of seizure frequency in preterm infants. A clear difference in opinion is
evident regarding seizure incidence in preterm infants, which is of concern as it
suggests that potentially, either true seizures may be being missed, or the cenvers
that non-seizures may be being inappropriately treated. THugher research

using longduration multichannel EEG is required to accurately report seizure
incidence in peterm infants.As automated algorithms are being designed for full
term seizure deection, perhaps a dedicated algorithm for preterm EEG would be
valuable. A dedicated seizure detection algorithm is probably needed for preterm
infants as preterm seizureme different to seizures in full term infants, especially in

duration and burder(329).

1.12. NeurodevelopmentalOutcome
Preterm infants are at risk of adverse neurodieyenental outcomeThere are
numerous types of outcome assessments, namely; the Griffiths Mental
Developmental Scalethe Tsumorinage and Kyoto Scales, the Bruhezine test,
the Ages and Stages Questionnatres Scheffzekest, the Denver Il Developental
Screening Testhe Peabody Developmental Motor Scales and the Bayley Scales of
Infant and Toddler Development. The Griffiths Mental Developmental Scale
assesses the subscales of locomotor, personal/social, hearing and language, eye
hand ceordination and performancelt is a welestablished scale which has been
reported as a good predictor of outcome at 1/2 years of age, with certain
limitations such a not detecting isolated hemipleg{@30) The Ages and&jes
Questionnairas a parental questionnaire thacreens for developmental delay by
establishing whiclactivities the child is able tamplete. This introduces bias into

the equation, whilst it also focuses on persosatial ability (selhelp skillsand
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interaction with others) rather than sociaimotional ability {dentifying the major
socialemotional milestones)However, it is quicknd easy and studies report high
sensitivities and specificities, suggesting that the questionnaire is validreEersng
preterm and fulterm infants(331, 332) The Denver Il Developmental Screening
Test considers the subscales of social, fine motor function, language and gross
motor function. This second version of the t&ms developed due to the lack of
evidenceregarding its accuracy. Although the sensitivity of the test is high, it has
VE %}ES 35Z 5§ 3Z *% ](] 15C ]* o}A 8§ 8i9U <pu +3]}v]vl
predicting outcomg333) The Peabody Developmental Motor Scales iglyua
scale for motor development which seédlifferent subscales of reflexes,
stationary, locomotion, object manipulation, grasping and visnator integration.
Although the reports show high tesétest and intefrater reliability, it is believed

that the test is not sensitive enough to distingh fine motor function334)

In Cork Uniersity Maternity Hospital, preterm infantre routinely invited to clinics
to review their progress. The final review is at 2 years of age, where different
aspecs of developmentare reviewed, using the Bayley Scales of Infant and Toddler

Development, fird Edition (Bayleyil) (335)

1.12.1.BayleyScales of Infant and oddler Developmentilll
This assessment is performed on a goeone basis with an individual that has
been trained in the test, such as a child psychologist, who assesses the mental and
motor development of the child between 1 and 42 months of age. ifragest
§Z S[+ < up}wdate standardized and normative data (score of 100), allowing
estimation of developmental delay. This allows early professional intervention with
the intention of providing support for developmental improvem&B86) This third
edition of the test targets five developmental domains: cognitive, language, motor,
sociatemotional ard adaptive behaviour. Theognitive, language and motor are

regarded as the main domains in terms of usefulness in research.
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Cognitive

This scale is comprised of 91 items, with numerous items taken from the Mental
scale section of the second edition. Bedtems assess sensorimodevelopment,
exploration and manipulation, object relatedness, concept formation and memory
(337)

Language
The language scale is divided into two subsets: receptive and expressive

Juupv] 3]}vX dZ E %S3]A  Yuupv] S]}v ep e 3 3 EP 3. §Z
acuity in addition to their understanding and response to verbal instruction. The
chlo [+ ]0]8C &} tejwithgpedple, vocalise and nhame pictures and objects

is assessed in the expressive communication sul33)

Motor

Two subsets are also involved in the motor scale: fine motor and gross motor. The
fine motor subset concentrates on eye movements, percepinator integration,
motor planning and motor speed. M@ment of limbs and torso are focused upon

in the gross motor subs€835)

Socialemotional

A revision from the Baylely test was to include this new domain which is a
guestionnaire completed by the child primary caregiver e.g. the parent. This
guestionnaire attempts to identify the maj@ocialemotional milestoms of the
child (337)

Adaptive Behaviour

This domain was also introduced into this thirtsion of the test, and ialso a
guestionnaire for the caregiver. Assessment of the daily functional skills is aimed at

determining levels of behaviour such as health and safety anetasd{335)

Comparisons between the assessments have previously been reported. One study

that compared the performance of the Blay scale assessment atite Griffiths
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Mental ScaleComposite and quotient scores were calculated, and Bayley scale
gave a better measurement of developmdBB88) while another study suggested

that the Griffiths Mental Scale overestimated neurodevelopment impairment
compared to Bayley scale assessmen(83B) A compason with the Ages and

Stages Questionnaire raised concerns about the performance of the questionnaire,
with poor sensitivities and specificities suggesting that it is not a sufficient
substitute (340)

Bayley Sdas of Infant ad Toddler Development is weakgarded tool which is
validated in the UK and Ireland, available to use in a wide range of clinical
conditions, and also has materials that keep the children engaged. The tool is used
in numerous studies, espally in thosehat research the practicality of EEG in
neonates.These studies differ in terms of how the Bayseynmarised
neurodevelopmental delgywith some studies opting tdefine a delay as less than
15 points (1 standard deviation) from the meamnany of the tlhlee domaing310,
311, 314, 341)some by 30 points (2 standadéviation) from the mearmn any of
the domains < a score of 7(B05, 315, 326)whilst onestudy scored by 1 standard
deviation in all three domains, or alternatively by 2 standard deviation in one
domain(342) One study assessélde suitability of these cut offgeporting that
cognitive and languagesres of <85 or combirtEBayley 11l scores of <80 are
preferable, howevethis required further validatior§343) In this thesis, a Bayley Il
assessment score of <8f any of the three domainsyill be used to testor
neurodevelopmental delay fanfantsat two years of agebased on the popularity

of this approach

1.13. Summary
Preterm infants are at increased risk of neurodevelopmental problems. The aetiology
is multifactorial, but brain injury in the form of N\&thd/or PVL are two of the leading
causes. May other factors can impact brain growth and development at this crucial
time in maturation including episodes of sep$EC and BRIBignificant advances
over the last three decades have seen a reduction in the imcel®f many of these

conditions, witha resultant improvenent in developmental outcomeHoweveyIVH
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and PVL still remain significant problems, especially in the more immature infants
who remain at greatest risk of adverse short and lbeign problems. WHhst
monitoring neurological welbeing in preterm infants in the NICU remains
challenging, the potential benefits may be significant and neurophysiological brain

monitoringis now growing in popularity.

The current understanding of preterm EEG is linditand its prognostic value is
unclear The most common clinical tool to assess premature brain actigityinues

to be theaEEG due to its ease of ubewevermultichannel EE@mainsthe gold
standard There are manybstacleswhich complicate EEG apptation, the most
obvious being infanhandling andanother being that it isime consumingRecording
multichannel EEG is challenging in this cohort of vulnerable infants, however the
aEEG is very limited and can lead to misinterpretation, thereforeimp®rtant to
discover whetheconventonal EEGhould be used asdinical toolat this young age.

If there is a place for it clinically samplified application proceds needed to benefit

untrained clinical staff.

Qurrent literature does suggest thathere is a place for EEG as a progfit tool,
however more longerm, multichannelEEG studies are required. Seizure frequency
in preterm infantss unclear with results varyirfigom 0.9%- 48% between EEG and
aEEG studies. Limited lotgym, multichamel-EEG studies highlights the neeat f

continued research in this area.

1.14. Aimsand Scope of Thesis

The specific aims of the thesssto:-

1) assess the potential afonventional EEGrecorded within days after birth,
andmultimodal analysis fopredicting longterm adversgchapter 3)

2) descrbe the frequency and characteristics of seizures in preterm infamts
the early postnatal perio@chapter 4)

3) develop an agspecific EEG assessment sys{ehapter 5)
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4) investigate the EEG similaritiesdaeffect of maturation in identical and nen
identical twins(chapter 6)
5) assess thability of serialmultichannel EE®r the predictionof longterm

adverse outcoméchapter 7)

RetrospectiveEEG recordings wetesed in Cohort howeverthey wererecordedin
the first few days after birth only and heepeatedat later stages in neonatal course
The prospective studigohort 2)aimed torecord the continuous multichannel video
EEG as early as possible, in addition to shorter recordings at 32 weekS a3
This ensured enough data was collectedrtvestigate evolution of the EEG without
impactingthe welkbeing of the infantsPreterm infants require minimal handling
therefore the amount of electrodes used and amount of recordipgigormedwere

discussed and agreed with the Consultant Neonajdts.
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Chapter 2. Methodology

Part published as:
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Lloyd R Goulding R, FilanvR, Boylan B. ActaPaediatrica 2015;104:152.
(Published February 2015).
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This chapter outlinethe methods used to recruit preterm infants in Cork University
Maternity Hospital, the approach for EEG monitoring and analysis, and the
procedure for performing neurodevelopmental outcorassessmentThefollowing
chapters will refer to this chapter fohe general methodology used, with more

precise methodology specified subsequenthapters.

2.1.Subjects & Settings
This is an observational study concentrating on EEG analysis of preterm infants (<32
weeksgestation). Recruitment took place in the@Uof Cak University Maternity
Hospital, a large tertiary maternity hospital 0,000 deliveries per annum, of

which approximately 8@ 100 are preterm infants below 32 weeks.

Cohort 1 t Retrospective cohort

Any infant above 24 weeks GA and below 32 weeksv&#recruited over 2-year

period between April 2009 and March 2011. In addition, any infant with clinical
}v. &v }( + JIHE U }v E/Z» u}Vv]E}E]JVPU A]E8Z %P & « }E
0}} P « ®WiG& (J]E*S - (] 18 Hio A @oni@ingEpn]ls (}E

Cohort 2 t Prospective cohort

Preterm infants less than 32weeks GA were recruited o\&yearperiod between
March 2013 and April 2014. The exclusion criteria excluded infants with known
congenital anomalies, which were deemed likely to affect fuloregterm

develgppment were excluded.

Figure 21 illustrates how cohort 1 and 2 were involved lre tsucceeding chapters.
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Figure2-1 Illustration of which cohorts were studied in each result chapter.
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2.2.Ethicalapproval andstudy protocol
The prospective study protocol wasviewed and approved by Cork Research Ethics
Committee (CREC) on the'26f February 2013 (Appendix A). Approkedjuireda study
protocol, (Appendix B), parent information leaflet (Appendix C) and cdrieam (Appendix
D).Standard operating procedur¢SOP) provided guidelines for the study, such as applying
EEGelectrodes and obtaining informed consent. SOP and Good Clinical Practice training was
provided to every member of the research staff involedhis current studyA list of the
co-investigabrs is evident in appendix B.
The retrospective study protocol was previously reviewed and approved by CREC &h the 7
of October 2008. All study personnel implemented the clinical investigation witrekplect
and compliance of the legal and ethical &pean and institutional requirements and codes
of practices. All data was saved and pseumltonymised and kept within the department.
Data and results were stored on the university server and an encrypsdidrive and

accessed through a secure univeysitbmpuer.

Written informed parental consent from both parents (if possible) or guardian was obtained
either antenatally or postnatally, depending on the individual circumstances of each eligible
infant. Initially the parents were approached and askethey would like to discuss the

ongoing study. The Information leaflet was presented and discussed, before any further
guestions were received. Following a detailed explanation, the leaflet was leftlvath

parents to read and discuss in private forawpropriate amount of time. Questions and
clarifications were answered before consent was later obtained. Consent was undertaken by

the coinvestigators, evident in appendix. D

2.3.EEGJata acquisition

Multichannel EEG monitoring was performfmt both cohors. Monitoring began as soon as

possible after birth and continued for up to 72 hours after birth, approximately. However,

depending on the stability of the infant, monitoring may have continued past 72shibtie

clinical staff deemed appropriate. EE@afode application in this population was difficult

and challenging, due to the small head size and the limited space within a humidified

incubator. These infants frequently required respiratory suppod aead caps were often
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used to secure respiratorgevices, such as a continuous positive airway pressure (CPAP)
hat. Strict infection control and hand hygiene guidelines were adhered to and standardising
the technique for electrode application, without affting the quality of EEG recordings, was
essentid Themethods for EEG application and recording in the NICU has been published to
Acta Paediatrica in 201(344)

2.4.EEGelectrodeapplicationprocedure
From the review of currently available methods for neonatal EEG recording, we concluded
that an optimal method for EEG monitoring in very and extremely preterm infants is not
available We thereforedeveloped a technique using the ppackaged, disposable, sterile,
flat-surfaced electrodeslhe EEG application procedure was timed in 10 cases and the
average time required to apply the electrodes in the incubator was 12 minutes.
EEG electrodes were applied togtined EEG technologists medical personnel. The
method was easily adopted by staff in the NICU, following two or three training sessions.
Prior to the application of EEG electrodes, close consultation with NICU personnel was
complete to ascertain polies and procedures that mtube adhered to while in the NICU
environment and to ensure that the health, safety and weing of the preterm infant is
not compromised in any way during handling and applicafidre stepby-step procedure is
outlined below.
Adequate preparation isggamount to the success and efficiency of the procedure. Strict
hand hygiene is mandatory within the NICU environment, therefore hands must be washed
in line with the hand hygiene protocol prior to handling of any EEG matendlsarfaces
must be cleanedbefore use in accordance with local guideliri@45) The materials
required are as follows:

x Disposable, sterildlat-surfacedelectrodes with the ideal dimension of 15mm x
20mm,with ameasuring area of 263miDue to the small head size, the surface
area of the electrodes needs to be smalinbu Neuroline 700 Single Patient Surface
Electrodes were used for our technique. The estimated cost of a single pack of 12

0 SE&} -eplus ydlue added tax.
x EEG Machine. Any EEG system can be used for this procedure. In our centre, three

machines wee used with the signal sampled at 256Hz (NicoletOne, ICU Monitor,
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NeuroCare, Carefusion; Nihon Koden, H2®, Neurofax and Moberg ICU
Solutons, CN&00 EEG and Multimodal Monitor).(Figi{)

Figure2-2 Three EEG machines used for recording the neonatal Efe# to right) NicoletOne,
Nihon Kodenand Moberg ICU Solutions.

x Coloured pencils. Colour coded, gabelling of the electrodes for each hemisphere
minimises possible human error during dlece application. In addition, pre
labelling helps with a more systematic approach to applyingteldes, and ensures
the application is less time consuming and more efficient.

x Adhesive medical tape (Mefix). Electrode contact weakens in the high huroidity
the incubator, therefore securing the electrode with a small square piece of tape
minimises los®f contact. Ten20 paste can be applied to the tape, if required, to
enhance adhesion.

x Stockinette. EEG electrode cables are contained together, in amlpfdshion,
within stockinette or other suitable tubing.

x Skin prep gel. This improves conductivity.

x Sterile tongue depressor. Facilitates clean transfer of electrode paste.

x Sterile cotton buds. Used in conjunction with the skin prep gel to minimise the
impedance of skin.

x Sterile galipot. Provides a sterile container for the skin prep gel and Ten2Q paste

x CPAP hat. Provides electrode security.

x Disposable gloves.
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Figure2-3 International 10/20 system modifid for neonateswas followed for application.

The materials required should lmeganised prior to electrode preparation. The imational
10/20 system (Figure-3) of EEG electrode placement, modified for infants, should be
followed, as described ihe American Clinical Neurophysiology Society Guide(ih&k)

We prefer to use the F3/F4 electrode positions instead of the standardised prefrontal
positions (Fpl & Fp2), located more anteriorly, as we Hawuad that the F3/F4 electrodes
are lesssusceptible to falling off in the humid incubator environment. In addition, we
routinely usenearinfrared spectroscopynonitoring, which requires a sensor over the
frontal region. It should be appreciated that bgingthe F4/F3 electrode, the amplitude of
the EEGn a longitudinal bipolar montage (between-E3 and FC4) will be reduced, in
comparison to the amplitudes recorded over-O2 and C4€2 channels, due to unequal
inter-electrode distances. However, whieverelectrodes are used to record the EEG, it is

imperative to ensure that inteelectrode distances between hemispheres are equal.

2.4.1. Electrodepreparation

x Prepare and organise the required equipment on a clean work tray placed on a clean
trolley. The trolleyand work tray must be cleaned with disinfectant wipes or a
similar alternative, in accordance with local guidelines, before proceeding. All

materials reuired will be placed in the clean work tray, once organised.
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x Allocate an electrode set to the righeebral hemisphere and label F4, C4, T4 and
02. Allocate another to the left hemisphere labelled F3, C3, T3 and O1. Label three

more electrodes as Refanee, Ground and Cz (FiguréR

Figure2-4 Labellirg the positions on the electrode surfaceased the application process.

X Cut some Mefixape, label and apply to each corresponding electrode plug (FRure

5).

Figure2-5 Labelled electrode sockgtiugged into headbox
x Cut an appropriate length of stockinette and feed the electrodes through it to keep

them in order (Figur@-6). This reduces electrode entanglement and 50Hz artefact

interference.
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Figure2-6 Prelabelledelectrodes positioned inside the stockinette

X Insert the electrode plugs in their designated sockets in the EEG amplifier.

x Cut small pieces of Mefix tape to help secure the electrodes (Fjdye

Figure2-7 Cover electrode with tape and paste

2.4.2. ElectrodeApplication

x Wash hands again, as per dedicated hand hygiene protocols, and open the incubator
portholes for access. Using gloves is advisable.

X In our NICU, infants on CPAP have tamalace to secure the CPAP mask. Cut the
CPAP hat down the frontal midline regiand lay it open. The CPAP mask needs to
be held in place while electrode application is ongoing, so an assistant is required at
this stage. In the intubated and ventilatenfant a CPAP hat is still applied, as it helps
to protect and maintain the positioof electrodes.

x Part the hair at the electrode site, and gently abrade the skin three to four times
using a sterile cotton bud and a skin preparation gel such as Nuprep.

x Apply the electrodes to one side of the head and then the other, to reduce head

turning and disruption to the infant (Figu&3).
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Figure2-8 Electrode positions on right hemisphere covered with tape.

X Paosition the electrodes so that all leads are diexttowards the vertex (Figure-8).
From here, they enter a stockinette, which helps minimise 50 Hertz interference.

x Cover each electrode with the piaut Mefix tape, to improve stability. This also
prevent electrode bridging between adjacent electrod846)

X Resecure theCPAP hat using the Velcroagirand additional tape (Figure9.

Figure2-9 CPAP hat closegtady for recording

X Check all immpedances before finishing the procedure. It is important that all
electrodes have equal and low impedance, which tends to improve over time.
X At the end of the recording, carefully remove the electrodes one by one. Spasly

the tape from thecorner in the direction of which the hair lies, to prevent pulling.
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2.4.3. Data Storage andProtection
Recorded data was collected and immediately pseadonymised, to ensure the safe
storage of confidential data, in accordance with thedglines for Good Clinical Practice.
The start and duration time of the EEG monitoring were documented, whilst thelirego
type i.e. initial or repeat recording was also noted. The neonatal medical notes provided the
demographic information at the timefagecruitment. The information collected during the

infants stay in the NICU can be seen in the téble-
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General Info

Gender

Gestational Age (weeks)
Date of Birth

Time of Birth

Infant demographics and clinical details were collected from
| the electronic database discharge summary document (Bac

. ) neonatal system, Badger 2003) or the medical notes.
Estimated Date of Delivery

Birth Weight (g)
Apgar1 &5 -

Collecting from both douments confirmed accurate findings

Delivery

Type: Information from medical notes and Badger system. inc. Spontaneous vaginal delivery;
Emergency cesarean section; Planned caesarean section.

Resuscitation: Information from medical notes and Badger system. inc. Stimulation, BMA, O
Suction, Bag & Mask IPPV, Intubatistimulatedintermittent positive pressure
ventilation, surfactant.

CRIB IlI: Information from Badger system orcaloulate fromgender, gestational age (GA),

Birth weight (BW), admission temperature, and the base deficit in the first blood sample

Maternal Info

Age
Contact Information
. Information from medical notes.
Smoking
Other
Information from medical notes. inc. PROM, ovariastgyprevious deliveries or miscarriages, urinary tr

infections, preeclampsia, cardiotocography and doppler results, diabetes, hyper/hypotension.

/v ( v§jncaldCourse

Neurological (IVH/cPVL)Information from the picture archiving and communiicat system (IMPAX)
Infections (Sepsis)t Information from Citrix 4.5 and iLAB

Respiration support (BDP/CLD)
Cardio

Gastro Intestinal (NEC)
Ophthalmology (ROP) —  Information from medical notes and Badger system
Jaundice
Anaemia

Surgery

Discharge Weight -

Medication tInformation from drug charts in the medical notes

TABLER-1 COLLECTED DATA DURING THENSIEANRY IN THE NICU
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2.5.EEG Visuanalysis
The EEG was analysed to grade the normality of the preterm EEG and identify any
electrographic seizure activity. The whole EEG recording was reviewed for seizure activity,
whilst epochs were pruned at specific tifpeints for grading prposes (with the length
depending on required study aim). This was performed by a clinical physiologisa{RL
depending on the study a second examiner was involved for revisiéh @arexperienced
neonatal physiologist (GBalsoreviewed the recadings for a second opinioore details
for analysis will follow in the individual chapters, due to the different approaches

undertaken.

2.5.1. ArtefactIdentification
During analysis, it was important to recognise different artefact typessdirce of artefacts
during monitoring will overshadow thEEGand deteriorate the quality of recording
Therefore, epochs with minimal artefact should be selected for analysigyiafidrain
function to be accurately investigated. The following fig(ffgure)are examples of

artefacts witnessed during EEG recordings in preterm infants in a NICU environment.

2Rhodri Lloyd
3 Elena Pavlidis
4 Geraldine Boylan
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Figure2-10 Examples of EEG artefacts witnessed in neonatal EEG recordings
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2.6.NeurologicalDevelopmental Aalysis t Bayley] {IlI)
Neurodevelopmental outcome was assessed at 2 years corrected age in all surviving infants
using the Bayley Scaleslofant Development Ill. Assessment for the retrospective cohort
was performed by a specisl neonatal physiotherapist (Anne Marie Cronin) whilst the
prospective cohort was performed by a research psychologist (Emma Hennessy). Both were
trained to implemen the test and had experience in practice.
This assessmemeasures the child'sognitive language, motor, sociemotional and
adaptive behavioudevelopmentand provides 5 subscale scores. For research purposes, 3
subscales scores were obtained (cogeitilanguage and motor). An abnormal outcome was
defined as any of the 3 subscales beintplaeone standard deviation from the mean; thus
for the standardized scores, a value of less than 85 in any of the 3 subscales was deemed
abnormal(310) Conversely, a normal outcome was defined as every subseialg 85 or
above. Infants who died during their time in the NICU were also allocated to the abnormal

outcome group.

2.7.Statisticalanalysis
The software used to undertake statistical analysis was IBM SPSS software version 21 and SAS
9.3 (SAS Institute IndGary, NC, USA) or Stata 13.0 (StataCorp LP, College Station, TX, USA.
Guidance was provided by Dr Vicki Livingst(statistician) who confirmed theaccuracy of
the statistical analysis resultBurther details regarding statistical testing for each dleajs

outlined in the relevant chapters.
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Chapter 3. Predicting twoyear outcome in preterm
Infants using early multimodal physiological

monitoring

Part published:
"W E ] 4Joutoine in preterm infants using early multimodal physiological
ulv]stE&]JvPX_

Lloyd RQO'Toole JM, Livingstone Nutch WD, Pavlidis E, Cronin AM, Dempsey EM, Filan
PM, Boylan GBrediatricresearch 2016;80(3):382. (Published September 2016).
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3.1.Introduction

Of the 15 million premature births worldwide each year, one to threlion infants will die,
approximately 10 12% will develogCPand a further 19% will develop motor or cognitive
problems (6, 347) Accurate and early prediction of neurodevelopmental outcome in the
preterm infant provides important clinical information that can be used to guide early
intervention, assist clinical management, and ensure appropriaterterm needs are
identified. Predicting outcome at 2 years or more, in the first few days after birth is ambitious
however, as preterm infants are vulnerable to brain injury during their entire stay iNIG&)

(348)

Studies have attempted to predict short term outcome, within the NICU period. Early klinica
information, induding Apgar scores, gender, BW, 39, 349351)and iliness severity scores
such as SNAP and SNAPRE have been used to predict short term outcon(@52)
Multivariate models including clinical risk factors such as GA, BW and gender, have shown
promise for predicting long term outcomg353, 354) Analysis of multiple risk factors
combined in a multivariatenodel can improve outcome predictiq851) Sarieet al. showed

that a combination of quantitative feates of early physiological measurements, including
heart rate (HR), respiratory rate (RR), and peripheral oxygenation (Sp@), could predict
short-term outcome with a high level of accuracy (sensitivity of 86% and specificity of 96%)
(355) The absence of a reliable measure of neurological function, however, may limit the
ability of these approaches to predict neurodevelopment in the longer term, beyond the early
intensive care stage. Preterm infants can showsiblogical instabilities, such as low SpO
levels and decreased variability in heart rate. Arterial Sp@asures the amount of
oxygenated haemoglobin in the blood. Oxygen desaturation relates to a decrease amount of
oxygen in the blood. A systematic rewi reported that Sp@values of approximately 8%

95% should be targeted for preterm infan356) Heart rate variability is the variation over
time in the interval between heartbeats, providing assessment of the functional state of the

autonomic nervous system

Previous studies havénewn that analysis of early measurements of EEG can predict long
term neurodevelopmental outcome, with specificity and sensitivity ranging from 88886
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and 25%- 83%, respectively293, 307, 321)Other studies Ave shown that the aEEG can
predict longterm outcome, with specificity ranging from 73989% and sensitivity ranging
from 56%- 87%(267, 315, 341)To date, howevemno standardised method for the accurate
prediction oflongterm outcome in very preterm infants has been successfully translated into

clinical practice

The aim of this chapter was to determine if multimodal physiological monitoring including
EEG, recorded in the first day of life, combined witmdgraphic risk factors such as BW and
GA, can predict outcome status at 2 years of age in very pretemntsf The multimodal
model combines EEG grading with quantitative features of routiaedjilable physiological
signals, namely Sp@nd HR355) A clinical course score, which represents a good estimate
of longterm outcome from clinical history of the intensive care period, is used to compare

performance of this multimodal approach.

3.2.Methods

3.2.1. Participants

This was a retrospective, observational study performed in the NICU of Cork University
Maternity Hospital. As seen in Figurel2n the methodology chapter, the eligible infants were

all preterm infants from cohort 1 (<32 weeks gestation) born between ApG92and March
2011. Preterm infants were included in the study if they had continuous muitreaEEG
monitoring with simultaneous registration o6pQ and HR, and neurodevelopmental
assessment at 2 years. Ethical approval was granted by the Clinicaté&eSthics Committee

of the Cork Teaching Hospitals, Ireland. Written informed parental cdngas obtained.

3.2.2. PhysiologicaRecordings: EEG, Spahd HR

TheNicoletOneEEG system (CareFusion Co., San Diego, USA) was the only machine used to
recordcontinuous videeEEGAII EEG recordings were initiated within l2durs of birth. EEG

application procedure for this chapter is explained in chapter 2, with the only difference being
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that silversilver chloride electrodes were used. A Philips IntelliVue MP70itoro(Philips
Medical System, BG Eindhoven, The Netherlands) was connected tNi¢chetOneEEG
system, which consequently synchroniseéé SpQ and HRwith the EEG waveform@igure
3-1). Monitoring continued for up to 72 hours after birth, dependingtbe stability ofthe

infants.

Figure3-1 Example of miltimodal signals t Recording displays the raw EEG, Sp@d HR channels.
EEG recording of male 26+0 week GA at 9 hours of age.

3.2.3. EE@ataCollection

The EEGignal was sampled at 256 Hz, and the Sp@ HR were sampled at 1 Hhe EEG

recordings were visually analysed for quality and, if this was poor, the infants were excluded.

The entire EEG recording in each infant was assessed for seizivity astade change and
maturational features such as delta brushes, occipital delta waves and temporal sharp waves.
The EEGs were graded by two clinical physiologists (RL a&hdvie®Bwere blinded to all
clinical information except for GA, administratioh morphne or phenobarbitone and time

of EEG recording pastelivery.The EEG recordings were scored based on the grading system

described by Watanabe et @94) which differentiated acute abnormalities (ASA) from those

5 Rhodri Lloyd and Geraldine Boylan
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of the chronic stage (CSA). ASA were defined as suppressed background activity, decreased
continuity, low amplitude and attenuated fastave background. CSA incadd dysmatire
patterns and disorganised patterns, such as abnormal delta waveforms, sharp waves and
abnormal delta brushes. EEGs can be classed as mild, moderate or €84r294) EEGs

were reviewed and consensuvas achieved for each recording. Intater agreement was

assessedu* VP }Z v[e | %% } ((] ] vsSX

Onehourepochs of EEG at 12 and 24 hours of age, were then extracted from each recording
for grading and multimodal analysis. These specific{ooiats were selected for analysis due

to the fact that they represented theost consistent time points when multimodal data was
available for the entire cohort. Most recordings included both tipwents, but some were
missing due to late application, instabjliof the infant or poor quality of the EEG recording

at that time perod. When both timepoints were available, the EEG grades were combined

and the most abnormal grade was selected.

3.2.4. Additional data collection

Onehour epochs of HR and Sp@ere extrated at the two timepoints, 12 and 24 hours.
Two features were used tsummarise Sp©Ofor the one hour epochs: mean Sp@nd
percentage of time <85%vhich represents the degree of hypoxia57, 358) Four features
summarised the HR signal over the one hour epochs: mean, standard deviation, skewness,
and kurtosis(359) The standard deation represents the variability of the HR segment;
skewness represents the tendency of the HR signal to include-éangditude transients in
either the positive or ngative directions which relate to accelerations and decelerations of
the HR(360) and kurtosis quantifies the detion of the HR signal from a Gaussian process,
often the result of higkamplitude transients. These high@rder statistics were included as
previous studies relate shoeterm outcome to changes in the skewness and kurt¢3&il)
When available, the mean values of the features over both time points were used for

subsequent analysi€linical and demograptcharacteristics were also collected.
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3.2.5. Assessment of Clinical Course

Infant demograhics and clinical details were collected from the electronic database
discharge summary document and the medical notes. Blinded to infant identity and
physiological dat, two consultant neonatologistsPF and E) reviewed the discharge
summary documents and medical notes for all infants. Each infant was classified as either at
high or low risk of later morbidity based on their clinical course score. Infants were alibcat
asZ AJvP Z }u% o] § [ ifahey suffergduftam any of 5 major complications
during their time in the NICU (Tablel3 When grades differed between reviewers, a

consensus was reached by discussion.

5 Major Complications

x Grade Ill/IVintraventricular haemorrhage (IVH) aystic periventricular

leukomalacia (cPVL)

x  Bronchopulmonary dysplasia (BPD) as defined by oxygen dependency|

weeks post menstrual age (PMA)
X Necrotizing enterocolitis (NEBglIs stage 2b or greater

x Infection t positive blood culture with abnormal ilfmmatory markers, whitg

cell count (WCC) or(@active protein levels (CRP)

x Retinopathy of prematurity (ROP) Stage 2 or greater

TABLEB-1 DEFINITIONS FOR MRIMEONATAL COMPLICATIONS.

3.2.6. Twoyear outcome assessment

Neurodevelopmental outcome was assessed at 2 years corrected age in all surviving infants
using the Bayley Scales of Infant Development Ill. In this chapter the test was perfoyraed
specialist neoatal physiotherapisf{ AMC). The method of this assessment is previously

described in chapter 2, where 3 subscale scores from dhiéd's motor, cognitive and

6 Dr Peter Filan and Prof EugeDempsey
7 Ann-Marie Cronin
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languagedevelopmentis assessed. An abnormal outcome was defined as any of the 3
subscales beingelow one standard deviation from the mean; thus for the standardized

scores, a value of less than 85 in any of the 3 subscales was deemed ab@tMal
Conversely, a normal outcome was definedexery subscaleeing 85 or above. Infants who

died were also allocated to the abnormal outcome grobgure 37 JooOu*SE S ¢ SZ Jv( V¢

course in the NICHENnd up to 2 years of age

Figure3-2 d]Ju o]v }( ]v( wsthe NECUWhrough to the neurodevelopmental follow up at 2
years of agelVH, intraventricular hemorrhage; cPVL, cystic periventricular leukomalacia; BPD,

bronchopulmonary dysplasia; NEC, necrotizing enterocolitis; ROP,apéithy of prematurity

3.2.7. SQatistical Analysis

For statistical analysis, EEG grades were grouped into two categories: 1 = normal or mildly
abnormal and 2= moderately or severe abnorif&#d2) Continuous variables were described
using mean (standard deviation, SD) and median (igtertile range, IQR) where
appropriate and categorical variables described using number (percentagepbllitg of

each physiologil feature to predict either normal or abnormal outcome was assessed using
the MannWhitney Utest (continuous data) and the Fisher exact test (binary data) ATh@
sensitivity and specificity, and positive predictive valueBY) and negative prediotiwalues

(NPV) were used as performance metrics. Confidence intervals (Cl) of the AUC were computed
using the bootstrap approach with 1000 iterations. A multivariate logistic regression model
was used to combine all features. @1l feature from each of #nfour modalities (EEG, SO

HR, and GBW) was included in the regression model, as limiting the number of features
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eliminates ovettraining for the model; AUC rankings determined which feature from each

modality toinclude.

Performance of the regressio model was assessed using leave-infant-out cross
validation. This methodrains the regression model by fitting parameters from all infants
minus one. Performance is then tested on this single-dett infant, andthis process is
iterated through alinfants (363) To eliminate stratification bias caused by unbalanced class
proportions in each training iteration, th&aining set was modified to retraigonstant
proportions over all iterations. This modification removes, at random and at most, one
Jv( vS][e § % E S&E B4y Ahg sradsvdlidation procedure providea better
estimate of the generalisation performance (the performance on the entire population)

compared to the training and testing on the same san{BkS3)

Odds Ratio (OR) were calculated for each of the four features within the multivariate model
and a 95% CI was calculated from the distribution of OR values over all iterations of the cross
validation. A feature sigficantly contributed to the model ithe 95% CI excluded 1. And
lastly, the AUC for the multivariate model was compared to the AUC for the clinical course
score and EEG grade alone using the bootstrap meth{@bm) All analyses were performed

in MATLAB (version R2013a, The Mathworks Inc., Natick, Massachusetts, United States). All

tests were twesided and a gvalue <0.05 was corgred statistically significant.

3.3.Resllts

3.3.1. Subjects

During the study period, 152 preterm infants were born at the CUMH below 32 weeks, of
which 81 were enrolled, whilst the others were missed or refused to consent. From the 81
enrolled, 43 preterm infants met the inclusion criteria for thisdy. Figure 33 displaying the
breakdown of infants in the study, displaying the number with good or poor &igalicated

or uncomplicatectlinical course and neurodevelopment outcome
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Figure3-3 Flow clart of the infants who were eligible and included into the studin addition to

their EEG, clinical course and outcome grades/scores.

Recording of simultaneous multimodal physiological datanmencedvithin 24 hours (mean

= 8 hours 37 minutes, standthdeviation = 5 hours 56 minutes) of birth and continued for up

to 72 hours in many cases and longérclinically warrantedThe mean recording duration

was 41 hours 40 minutestandard deviation 4.3 hours 19 minutes). Data at both tHe-

and 24hour time-points was collected from 33 infants, only ti@-hour time-point was
collected from three infants and only th&4-hour time-point was collected from 7 infants.
Clinical and demographic characteitstand their relationship with outcome are detailen

Table 32. GA ranged from 23.42 to 31.86 weeks, with a median (IQR) of 28.71 (26.21 to 29.93)

weeks. Morphine or phenobarbitone was given to six infants.
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Good Poor p-valuet
Outcome (n = 27) Outcome (n = 16) Media
Median (IQR) (IQR)
Gestationd age (weeks) 28.87 (28.29 to 30.14) | 26.29 (24.86 to 29.57) 0.022
Weight (g) 1040 (885 to 1327) 800 (675 to 1315) 0.122
Apgar score 5 min 9.0 (8.0t0 9.0) 8.0(5.3108.0) 0.001
Initial pH 7.2(7.1t07.3) 7.2(7.11t07.3) 0.88
n (%) n (%) p-value®
Gender
Male 7 (26) 9 (56) 0.059
lliness
Grade III/IV IVH or Cystic PVL | 2 (7) 5 (31) 0.082
Sepsis 6 (22) 7 (44) 0.178
Necrotizing Enterocolitis 0 (0) 4 (25) 0.015
Chronic Lung Disease 0 (0) 5(31) 0.005
Retinopathy of Prematurity 0 (0) 0 (0) 1
Mortality 0 (0) 4 (25) 0.015
EEG
Seizures 0 (0) 3(19) 0.045
Normal 24 (89) 8 (50) 0.010

TABLB-2 CLINICADEMOGRAPHICS OF THE INK;AND EEG GRADING COMPARING INFANTS
WITH A GOOD AND POOR OUTCOME.

Outcome was defined as neurodevelopmental delay at 2 years of age or death

aMannWhitney Utest;

b&le Z E[s A § § 8

3.3.2. Clinical course score
Twentytwo (51.2%) infants were clafsd as complicated and 21 (48.8%) infants as

uncomplicatedbased on our clinical grading system.

3.3.3. EEG analysis
Thirty-two infants had a normal EEG (74.4%) and 11 (25.6%) had an abnormal EEG; of these
11, three had seizures. An inteate agreementwas fou (}E $Z "PE ]JvPU Alsz

kappa coefficient of 0.97.
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3.3.4. Outcome Assessment
Four infants died in the eonatal period. Using the Bayley Ill Scales, 27 (69.2%) surviving
infants had a good neurodevelopmental outcome, and 12 (30.8%) had a po@naeitc
Infants with a poor outcome had lower GA (p=0.022) and were more likely to have NEC
(p=0.015) orCLD(p=0.M5). Table 33 provides details of the infants with normal and
abnormal EEGs and their normal or abnormal scores for the three BaylesnHirdaubscales,

whilefigure 34 displays a boxplot and median values of the three Bayley Ill domain subscales.

Canitive Scores
Normal Abnormal AUC (95% CI)| p-value
(n=30) (n=9)
EEG1 | Normal (n=30) | 27 3 0.783 (0.586t 0.011
Abnormal (n=9) | 3 6 0.980)

Language Scores
Normal Abnormal AUC (95% CI)| p-value
(n=30) (n=7)
EEG1| Normal (n=28) 24 4 0.614 (0.368t 0.352
Abnormal (n=9) | 6 3 0.861)

Motor Scores
Normal Abnormal AUC (95% CI)| p-value
(n=33) (n=4)
EEG1| Normal (n=28) 26 2 0.644 (0.334t 0.334
Abnormal (n=9) |7 2 0.954)

TABLEB-3 CONFUSION MATRIX OF THE EEG NORMALITY AND RELATIONSHIP WITH THE NORMALIT
OF THE THREE BAYLEY Il DOMAIN SUBSCALES.
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Figure3-4 Boxplot of scores from all 3 Bayley Il domain subscétesnfants with normal and

abnormal EEGL1 recordingEhe reference line at 85 illustrates the abnormal test value.

3.3.5. Data analysis
Combining features into emodel can improve th@erformance of our prediction. We
selected one feature from each modality group: one from the SpO2 group: one from the HR
group: and one features from the ageeight group. A feature ranking table was created to
make an informed choec(Table 34). The fou features selected were mean Sp®IR skew,

GA and the EEG.
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AUC (95% CI) p-valug  OR (95% Cl)

Mean SpG* 0.78 (0.2 t0.90) 0.003 0.71 (0.55t0.91)
% time hypoxic 0.68 (0.50t 0.85) 0.045 1.14 (0.97t1.34)
HR: skew 0.78 (0.63t0.92) 0.002 0.54 (0.33t0.87)
HR: kurtosis 0.74 (0.55t 0.89) 0.010 1.05 (0.99t1.12)
HR: mean 0.67 (0.50t0.82) 0.069 1.06 (1.00t1.12)
HR: SD 0.64 (0.44t10.81) 0.142 0.90 (0.75t1.08)
GA 0.71 (0.52t0.87) 0.022 0.94 (0.90t0.99)
Weight 0.64(0.45 1 0.82) 0.122 1.00 (1.00t 1.00)
EEG grade 0.69 (0.5 t0.83) 0.010 8.00 (1.70t 37.67)
Clinical course 0.79 (0.6 t0.90) <0.001 16.63 (3.05t90.67)

TABLB-4 FEATURE RANKINABITE OMPARING FEATURE3R MODEL INCLUSION

Normal outcome n=27, poor outcome n=16. Key: Cl, confidence interval; SD, standard deviation; HR,
heart rate; AUC, area under the receiver operating characteristic; OR, (odds tategtures

included into model

a MannWhitney Utest

These features were combined in the regression model. Their unadjusted and adjusted odds
ratios are given ifable 35, indicating that all four features are statistically significant in the

multivariate logistic regression model.

Features in Unadjusted OR (95% CI) Adjusted OR (95% CI)
regression model

Mean SpO2 (%) 0.71 (0.550.91) 0.82 (0.730.86)

HR: skew 0.54 (0.330.87) 0.63 (0.500.73)

GA (days) 0.94 (0.900.99) 0.94 (0.920.94)

EEG grade 8.0 (1.70t37.67) 2.9 (2.3t4.8)

TABLE3-50DDS RATIO (OR) FOR FOUR FEATURES INDIVIDUALLY (UNADJUSTED OR) AND COMBINE
WITHIN THE LOGISTIC REGRESSION MODEL (ADJUSTED OR).
Features are considered statistically significant if the 95% CI esclud he reference EEG grade is

the abnormalgrade. Key: SpO2, oxygen saturation; Cl, confidence interval.
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Although some of the features were significantly correlated, the correlation values were small
(<0.5) thus making it unlikely that muttollinearity would affect the regression moddiable
3-6 presents the univariate analysis of these four features as well as the clinical course score,

and the regression model.

AUC (95% CI) p-value Sensitivity Specificity PPV (8% CI) NPV (95% CI)
(95% CI) (95% CI)

Physiological features

HR: skew 0.78 (0.63 0.002 70 (56t87) 69 (54t88) 79 (62t93) 58 (38t82)
0.92)

Mean SpO2 0.78 (0.62 0.003 78 (58t88) 75 (57t90) 84 (67t96) 67 (38185)
0.90)

EEG grade 0.69 (0.55% 0.01¢ 50 (25t73) 89 (75t1) 73 (42t1) 75(60191)
0.83)

Patient demographics

GA 0.71 (0.55% 0.022 67 (43t89) 69 (45t88) 78 (55t93) 55 (30t82)
0.87)

Clinical assessments

Clinical course | 0.79 (0.6& <0.00P 88 (69t1) 70 (53t85) 64 (43t83) 90 (75t1)
Score 0.90)

Regression 0.83(0.69t 75 (60t93) 74 (60t92) 63 (40t87) 83 (67t96)
model 0.95)

TABLB-6 UNIVARIATE ANALYSIS AND MULTIVARIATE ANALYSIS FOR PREDICTION OF GOOD AND
POOR NEURODEVELOPMENTAL OUTCOME.

Univariate analysigphysiological fetres, patient demographics and clinical assessments) and

multivariate analysis (regression model) for prediction of good (n=27) and poor (n=16)
neurodevelopmental outcome (including death). Comparison of the regression model withgesture

the physiologeal signals, basic patient demographics and later (clinical course score) clinical

assessments. Multivariate analysis for the logistic regression model usewalidasion. Key: AUC,

area under the receiver operator characteristic; Pgdsitive predidve value; NPV, negative

predictive value; SpO2, oxygen saturation.

aMann-Whitney Utest;® &+ Z E[s &£ § § 3

Lower GA, lowemean Sp@ lower HR skew and abnormal EEG grade were predictive of an

abnormal outcome. AUC for the regression model iglamio the clinical course score: AUC
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(95% CI) for the regression model is 0.83 (@&®H) vs. clinical course score 0.79 (0v@690),
p=0.83. Although the regression model has a higher AUC than the AUC of the EEG grade
alone 0.69 (0.5%0.83), we find o statistical improvement, p=0.124.

3.4.Discussion

A combination of GA and multimodal physiological signal analysis, recorded withiimsthe

72 hours after birth, has the potential to predict death or neurodevelopmental delay at 2
years of age. The adjiegsl ORs show that every feature uniquely contributes to the evaluation
of outcome and should therefore be included. Although the multimathodel had a larger
AUC (0.83) compared to HR skew (0.78), mearr §p@8), EEG (0.69) and clinical course
score (079), the differences failed to reach statistical significance. Lack of statistical
significance may be due to the small sample size amté the low power of the tests. Further
studies with larger numbers are required to confirm the results observedimstindy. The
clinical course score included all relevant clinical information for the entire NICU duration
whereas the multimodal modelvas developed from information obtained in the early
transitional period and thus has the advantage of being availabtbe first few days after
birth. This finding highlights the potential value of multimodal monitoring during the
transitional period ad its possible role in outcome prediction, which could provide useful

information for neonatologists in the NICU whemdjng early treatment strategies.

Early EEG grade alone demonstrated low sensitivity (50%) and high specificity (89%),
highlighting tte possible limitation of the EEG grades for the prediction of dealbngrterm
neurodevelopmental delay. These resultare consistent with other studies which
demonstrated sensitivities of 25 61%(293, 315) Although many studies have shown EEG
grading to be predictive dbngterm outcome, none have shown that simple quantites
features of the readihavailable Sp®and HR have similarif not better t performance at
predicting 2-year outcome. We find sensitivity and specificity values of 70% and 69%
respectively, using quantitwe analysis of a HR feature and values of 78% 75%

respectively, using SpQ@uantitative analysis alone. Abnormal HR variability is associated
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with fetal and neonatal distres@366) A correlation between abnormal HR variability and
clinical signs of sepshas been reporte@360) Sepsis is the main cause of preterm infant
death during the first week of life and caiso increase vulnerability of the brain due to
inflammation and vkite matter damagg367) Low Sp@to the point of hypoxiacan cause
tissue damage of the brain which may result in neuralabi compromise and
neurodevelopmental delag358) The clinical course score had a higher sensitivity (88%) and
similar specificity (70%) to the HR feature. The five risk factors included iiraoalccourse
score were chosen a priori as they are associatéd lwng term morbidity. VHand cPVlare
direct injuries to the brain which increase the risk of develo®gnd cognitive impairment
(368) DevédopingCLOs another common condition in preterm infants which can also impact
on neurodevelopment(369) Neurodevelopment dysfunction is also increased in preterm
infants who require surgery for necrotizing enterocoli{g’0) who are exposed to sepsis
(371) or suffer from sever®OP(372) The clinical course scores were collected at discharge,
following diagnosis of any of these major complications, therefore more information,
comparative to the early physiological analysisswaaailable to accurately predict outcome.
Yet the multimodal model does provide a more balanced sensithspecificity resul{75v

74%) compared to the clinical score.

Medlocket al.found that multivariate models of early clinical information predictadrtality

in preterm infants better than BW or GA alo(®51) Studies implementing the commonly
used SNR-IlI and SNAPPFE scores showed a range of AUC values for the prediction of
neonatal mortality, from 0.66 0.78 in SNAMH studies and 0.60 0.91 in SNAPPEstudies
(352) These studies concentrated on preatgig mortality only, whereas we were also
interested in predicting outcome in survivors. Broitmeainal. found that a model based on
clinical variables performed diter than a model using head ultrasound for predicting
outcome at both 28 days and 36 weekSome clinical variables included in this early
assessment (by postnatal day 28) were GA and(8%8) Tysonret al. demonstrated that a
five factor model which corsts of GA, BW, gender, exposure to antenatal icosteroids,
and singleton versus twin birth, performed better than GA alone for the prediction of
outcome in a cohort of preterm infants between 225 weeks GA354) Our AUC results
showed an improvement fromdih these two predictive model§353, 354) Also for our

study, the sensitivity, specificity and OR values showed similar values or improvements to
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previous studies in which EEG or aEEG was evaluated as ondqredithe only predictor
(315, 321, 341)However, studies that examined serial EEG recordings or used a larger cohort

size hadbetter sensitivity or specificity valu€g293, 307)

The main limitation of this study is the small sample size and the consequent low statistical
power. Although data we collected over &-yearperiod in a large maternity hospital, this
was a retrospective study and some records had limited d&4; missing physiological data,

or missing outcome data. With low power, only large improvements will reach statistical
signficance. For example, comparing AUCs between the multivariate model and EEG, we
found a difference of 14% but this lacked statial significance (p=0.12). Another
consequence of small numbers is the limit on the number of explanatory variables that the
multivariate model can accommodate without over fitting. Because of this limitation, we
chose to include only physiological sigma the model in addition to GA, as GA is readily
available. Clinical assessments such as Apgar scores were not considaredgtndy mainly
because of this limitation on the number of explanatory variables; but also because of the
subjective nature bthe score and because this score does not necessarily account for
intervention performed in the delivery suit873) With larger sample sizes, other clinical
factorssuch as respiration, blood pressure, inifid, lactate, and Apgar, could be explored
for inclusion in the multivariate model. Another noticeable limitation is that the multivariate
model is not an automated system, as specialist interpretation of the iIEE&juired. An
automated grading system ctilbe developed for preterm EEG similar to available systems
for hypoxicischaemic encephalopathy in the EEG of term inf§B#!) In addition, missing
data may have had a negative impact on the multimodal modeme infants did not have
both 12- and 24hour data epochs available for analysis, due to either later EEG application
or premature discontinuation of monitoring. Although EEG was graded with knowlefdge
medication history, we did not consider the effecttmedication on heart rate and oxygen
saturation and thus medication remains a possible confounder in this study. A potential
disadvantage of monitoring at such an early stage is that other comipliaican occur
beyond the monitoring period; early mdoring, however, can provide immediate results at
the beginning of critical care in the NICU. Serial EEGs and physiological measurements over
§Z Jv( vS[* S C ]Jv §Z E/ h }po veinforhi&tpn(307%c E ] S]
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The main strength of this study is that we are using large amounts of continuous data from
different sources. The EEG recordings were reviewge experienced clinical physiologists
that were not involved in the clinical care of the baby and wareded to the clinical data.

This confirmed that the recordings remained anonymous during review. Using EEG instead of
the aEEG was a major assettagrovides more valuable second by second data. Although
EEG is not readily available in the NICU, athefother features (HR, Sp@nd GA) were
objective, quantifiable and readily available. This leads to a model which consists of multiple
different features. Another strength of this study was that the Bayley Scale of Infant
Development Il was used tosess all surviving infants, and performed by a physiotherapist,

with great experience in performing the assessment.

In conclusion, quantitative analis of readily available physiological signals, combined with
EEG and GA, shows potential for improvingr @bility to predict death or delayed
neurodevelopment at 2 years of age. Early assessment of potential neurological impairment
can aid clinical managnent of the infant. Future studies could consider serial multimodal
analysis, including EEG, to moniteaturation and development of EEG features over the first

weeks and months of life and their relation to neurodevelopmental outcome.
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Chapter 4. Electrographic seizures during the early
postnatal period in preterm infants less than 32

weeks

Part publisheds:
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Lloyd RQO'Toole JM, Pavlidis E, Filan PM, Boylan GB. Journal of Pediatrics. (Published
August 2017).
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4.1.Introduction
Seizures are the hallmark of ne@lmgical dysfunction but can be difficult to detect and treat
in newborns(14). They are an even greater diagnostic challenge in preterm infants where
the vast repertoire of general nve@merts can be very difficult to distinguish from the often
subtle movements of clinical seizur€@24, 375377) This is compounded further by the
high rate of electroclinical dissociation infants with seizure@878) The early postnatal
period, or transitional period, in the preterm infant is of particular concern as the brain is
vulnerable to injury and this risk increassgh decreasingsA(276) Continuous EEG
monitoring is the only way to reliably monitor and treat seizures in lb@ws but because
interpretation is difficult, it is rarely acutely availal{l&79, 380) Many centres instead rely
onthe aEEG because of its ease of application, maintenance, and interpref25®nhaEEG
is a useful tool for assessing neurological function in newborn in{@i®)and identifying
generalised seizurd®59, 381) but it does have limitations. These limitations are greater in
the preterm population where the baseline EEG is changing continuousyaAitR69)
seizures show less generalisation and are of shorter dur828) Studies based only on
clinical diagnosis of seizure frequency in preterm infants range from 3795 ger 1,000
births (320, 382, 383)In very preterm infants, seizure fygency of 0.9t 8.7% has been
reported in EEG studies but have been short duration recordings only or else targeted
infants with risk factors for saizes only(307, 324, 325, 384Much higher seizure
frequencieshowever (22t 48%) have been reported in the first few days in preterm infants
using aEEG14, 315, 318)

This is the first known study to use continuous, kahgation videecEEG monitoring within
the first fewdays of birth in a ppulation of infants < 32 weeks GA, regardless of their
clinical status. Our aim in this chapter therefore was to describe the frequency and
characteristics of seizures in preterm infants <32 weeks during the early postnatal period

using continuous videdEG monitoring.
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4.2 Methods

4.2.1. Participants
For this investigation, infants <32 weeks GA were enrolled from both cohort 1 and 2 (see
Figure2-1). Infants with congenital anomalies were excluded prospectively and infants with
EEG recordings 44ours in duratiorwere excluded retrospectively to optimise the time
window for seizure detectiorithical approval for the collection and analysis of the data
was granted by the Clinical Research Ethics Committee of the Cork Teaching Hospitals,

Ireland.Written informed paental consent was obtained before recording the EEG.

4.2.2. EEQRecording
The EEG application approach for preterm infants has previously been described in chapter
2. Continuous multichannel viddeEG and a 2 channel aEEG trendd&4nd R&L3) was
recorded asoon as possible after birth when the infant was stable, and continued for up to
approximately 72 hours of age, or longer if requested by the clinical team. Three EEG
machines were usedhe NicoletOnej "eCeS U ~ E &ue]biegd XIBA) the
Nihon Kohden, EEG200, Neurofax,Tokyo, Japanpand the Moberg ICU Solutions, CRI®
EEG and Multimodal Monitor, (Ambld?ennsylvania). Clinical staff used the aEEG as an aid
for clinical assessment.uing monitoring, if there were anconcerns about suspicious
clinical behaviours or aEEG patterns, a neurophysiologists was asked to review the

continuous multichannel EEG if possible, but this was dependent on staff availability.

4.2.3. Seizure analysis
Theentire videcEEG recording for eldénfant was reviewed and all seizures were identified
and annotated independently by an electroencephalographef)(Rinother
electroencephalographer (BRalso annotated all EEGs with seizures. A third
electroencephalographer (GB reviewed a subset @l recordings and reviewed any

seizures where disagreement existed to provide a consensus. A seizure was defined as a

8 Rhodri Lloyd
9 Elena Pavlidis
10 Geraldine Bylan
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clear ictal event comprising a sudden, repetitive, evolving stereotyped waveforindiasa
definite start, middle and end and lastingyfat least 10 second885) Figure 41

demonstrates how a seizure starts and evolves into a clear rhythmical high amplitude
seizure. The onset andfeét of each electrographic seizure was annotated and exported to

text files for further analysis.

Figure4-1 Example of a seizure in a preterm infgnliustrating how a seizure starts gradually and

becones more pronounced with high amplitude rhythmical activity.

4.2.4. Seizure Characteristics
Several seizure characteristics were calculated flioenannotation text files. These metrics
are illustrated in Figure 42) and described as follows. Total seizure bemis the total
number of seizures over the entire recording. Mean seizure duration is the mean duration of

all seizures in the EEG recandseconds. Total seizure burden is the total duration of all
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seizures in the entire recording. Seizure onset issttagt time of the first recorded seizure.
Total seizure period is the time between seizure onset and the end of the last recorded
seizure Maximum seizure burden and time of maximum seizure burden are the maximum
point, and time (postnatal age) of the mmum point, of the temporal distribution of

seizure burden. This distribution, also known as instantaneous seizure burden, is calculated
asthe midpoint of a thour window (seizure burden per hour) shifted in time, by 1 second,
across the entire EEG recq@B6, 387) Seizure burden per hour is the #dtseizure

duration, in minutes, within a-hour window.

Figure4-2 Metrics to characterise the temporal evolutioof seizures for each infanMetrics
include: total seizure burden, mean seizwttaration, time of seizure onset, total seizure period,

maximum seizure burden, and time of maximum seizure burden.

For each seizure, the onset location, morphology andwgian was described388) Videc

EEG analysis provided information on clinical seizure manifestations and were categorized
as either electrographic or electroclinical. Electroclinical seizures were described as clonic,
tonic, myodonic, spasms, automoic or subtle (boxing, pedaling, oral automatisms, ocular
U}A u v3eeU (}00}A]JVP s}o% [+ u )1} B89)Annotiijdns &lsovallowed

the identification of any periods of statup#epticus, defined as continuous or accumulative

electrographic seizures present in more than 50% of a 1 houog@é3P0)
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4.2.5. Additional data collection
Serial ®US scans were collected fiMH grading or presence oPVL. Grade 3 or 4 IVH, cPVL
were considered to be significant brain abnormalities. As per our standard clinical practice,
all scans were officially performed and reportieg a Paediatric Radiologist who was not
involved in the study and was blinded to EEG data. Infants had the R&s$ @ithin the first
72 hours of birth where possible, with repeat scans betweerl® days of age and at one
month of age. Timings would maslightly depending on the availability of the Clinical
PaediatricZ ]}o}P]eS v §Z ]v( vSe[ .Bdehinfants}GA] BWpoar at 1
and 5 minutes and mechanical ventilation (intubation in the delivery suite and mechanical
ventilation overfirst 3 days of age) were collected. Additionally, we calculatedGRIB 11,
which is a clinical risk instrument with scores ranging frot27q42). It provides an index of
risk based on sex, GA, BW, admission temperature, and base deficit in the first blood
sample. EDsA E ujv]es & § §Z o] v.]Phencdarditon&Ewag the first
line drug of choice, administered natvenously as a loading dose of 20 mg/kg. fiiméng of
administration was recorded, along with the administrations of other drugs such as caffeine

and analgesics.

4.2.6. StatisticalAnalysis
Gontinuous data were described using median and interquartile raiggR). Differences
between the nonseizure and seizure groups were tested using the Mafimtney U test
v &]*Z E[+ A&l aBalgsesswere performed in SPSS Statistics 21 (SPSBitago,
lllinois). All tests were twasided and a grvalue <0.05 w&s considered to be statistically

significant.

4.3.Results

4.3.1. Subjects
A total of 288 infants were admitted to the NICU during the two recruitment periods, and
120 infants were enrolledHjgure4-3). From cohort 1, 53 infants (29%) were included from a

possible 185, while from cohort B7 (65%) were included from a possible 103.

146



Figure4-3 Flow chart of the study populatiorindicates the numbeof infants admitted to the

NICU, commenced EEG monitorigxgd enrolled for the study, from the two recruitment periods.

The higher percentage of babies enrolled in the second recruitment period was due to the
availability of more research staff and@&Iachines for monitoring. Nine infants (7%) were
excluded retrospectively as the EEG recordings were <24 hours in duiGommenced

at a median postnatal age of 7 hours (IQR: 4 hours 37 minut@shours 47 minutes) with

46 infants (38%) commencingthin 6 hours of ageThe median recording duration was 59

hours 49 minutes (IQR: 46 hours 57 minute&® hours 9 minutes)it was possible to record

the EEG for up to 72 hours of age in 51% of infants only, due to reasons including, delayed

EEG applica]}v v EoC ' @& u}A o §3Z o]v]hwotdi®B9%B2 E vie[ E

hours of EEG was visually analysed.

4.3.2. Seizue Analysis
Six infants developed electrographic seizures in the early postnatal period, with a total of
307 seizures; see examplesFigures 4A, 44B and 44D. Figures4B and 44D show
electrographic seizures (from infant 1 and 6, respectively) wiviete evident in both the
multichannel EEG and aEEG, wikigure 44A shows an electrographic seizure (from infant
1) only evidenbn the multichannel EEGigure 44C, the only noseizure figure, displays
muscle artefact on the EEG and an associateskdaaEEG baseline. In this example, multiple
raised baselines are evident on the aEEG, a feature often associated with seizwegeho
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EEG confirmed that this infant had only one seiziigyre 44D); other periods of raised
aEEG baseline were a mixtwkbiological artefact and state change. Of the 307 seizures, 97
(32%) were clearly evident on the aEEG. Other seizures werdeaotdue to brief duration

or localised region of onset.

Figure4-4 Multichannel EEG/aEEG recording, displaying seizure identification challenges with

aEEG. All four figures display multichannel EEREEGn day one (arrows indicate corresponding
aEEQG). Infant 1. A: Seizure, with a high@itude rhythmical delta, is displayed on the EEG, but not

on aEEG. B: Seizure displayed on both EEG (high amplitude rhythmical delta) and aEEG. Infant 6. C:
Artefact onEEG corresponds to the raised aEEG baseline. D: Seizure, of a low amplitude spike and
slow wave, is displayed on the EEG with the corresponding aEEG only displaying a slightly raised

baseline.

Table 41 compares the clinical demographics of infants vaitid without seizures. Three of

the 6 infants with seizures had evidence of signifiddRtS abnormality (infant 1, 4 and 6):

in two infants, grade IV IVH occurred during the first 72 hours; the other infant developed a
grade | IVH during the monitoring ped which progressed to a bilateral grade IIl IVH by day
10. Significant RJS abnormdties occurred in 11 other infants who did not have seizures in
the first 72 hours. In five, IVH grades 1ll/IV were identified in the first 72 hours. Three
infants who fad normal ®US during EEG monitoring, had cPVL abnormalities at days 24, 29
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and 31. Oe of these infants developed sepsis when seven days old. In 2 other inf&uS, C
was only performed after the end of the EEG monitoring period at which pdiutSC
abnomalities were already evident, whilst another infant had a nornflE at 24 hours

which was abnormal when repeated at day 5.

Infants without Seizures Infants with Seizures p-value
(n=114) (n=6)

GA (weeksMedian (IQR) 28.9 (26.6t30.3) 25.7 (24.3t29.1) 0.0432

BW (g)Median (IQR) 1135 (848t 1443) 885 (570t 1308) 0.1422

Gender = Mal€eTotal (%) 58 (51) 3 (50) 0.644p

Apgar 1 minMedian (IQR) 7(518) 2 (0.75t2.75) <0.0012

Apgar 5 minMedian (IQR) 8 (719) 5(4.25t7) <0.0012

CRIB Il swe Median (IQR) 7 (4110) 11.5 (7.5t4) 0.0322

Intubation in delivery suiteTotal (%) 35(31) 6 (100) 0.001°

First day mechanical ventilatiootal (%) 73 (64) 6 (100) 0.076b

Mechanical ventilation from day 1 42 (37) 6 (100) 0.003°

through to day 3Total (%)

IVH I/l Total (%) 28 (25) 2 (33) 0.469P
IVH I/11 in first 72 hrsTotal (%) 10 (9) 1(17) 0.446b
IVH I/1l after 72 hrsTotal (%) 6 (5) 0 (0) 0.7300
IVH I/ll timing unknownTotal (%) 12 (11) 1(17) 0.505P

Signifcant Brain AbnormalityTotal (%) 11 (10) 3 (50) 0.021b
IVH /1 in first 72 hrS otal (%) 5(4) 2 (33) 0.039b
IVH II/1V after 72 hrSotal (%) 0 (0) 1(17) 0.050p
IVH [1I/1V timing unknowriTotal (%) 3(3) 0 (0) 0.856°
cPVLTotal (%) 3(3) 0(0) 0.8560

Chronic lung diseas&otal (%) 24 (20) 3 (50) 0.127°

SepsisTotal (%) 52 (46) 4 (67) 0.279p

Necrotizing enterocolitisTotal (%) 22 (19) 1(17) 0.676b

Retinopathy of prematurityTotal (%) 2(2) 0 (0) 0.902b

Death Total (%) 6 (5) 2(33) 0.051°

TABLE-1 CLINICADEMOGRAPHICE THE INFANTS, COMPARING INFANTS WITH AND WITHOUT
SEIZURERKey: GA, gestational age; BW, bivikight; g, grams; min, minutes; IQR, inteagiie
range; IVH, intraventricular haemorrhage; cPVL, cystic periventricular leukomalacia.

3 tMann Whitney Wtest,® t & Z E[s &£ § § 3§
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4.3.3. Seizure Characteristics

More detailed demographic and clinical infioation about the six infants with seizuress

well as the characteristics of these seizures are showrabie 42.

Infant
1 2 3 4 5 Total
Gestational age (weeks) 30 24 23 25 28
Weight (g) 1450 540 580 850 1260
Apgar at 5 minute 5 2 6 7 5
Sex M F F M M
Intraventricular haemorrhage D2: 1 D13: 1l D2: IV D3: 1l 5
D10: 1l
Death Y Y 2
AED PB PB 2
Morphine Y Y 3
Caffeine Y Y Y 4
Number of seizuregnumber) 151 6 85 49 15 307
Location of seizure onset
Frontal 80 25 2 111 (36%)
Central 8 18 2 33 (11%)
Temporal 39 5 2 46 (15%)
Occipital 24 6 37 42 7 116 (38%)
Seizure Morphology
Rhythmical DeltéHigh Amplitude) 74 74 (24%)
Rhythmical Delta (Low Amplitude) 73 11 11 95 (31%)
Rhythmical Sharp Delta/Theta 6 6 (2%)
Rhythmical Alpha (Low Amplitude) 4 4 (1%)
Sharp Waves (Periodic) 49 49 (16%)
Sharp & slow wave (Low Amplitude) 4 4 (1%)
Spike & slow wave (Low Amplitude) 1 (<1%)
Spike & slow wave (High Amplitude) 74 74 (24%)
Seizure Type
Video Unobtainable 5 3 16 (5%)
Classifiableseizures 151 1 85 46 291 (95%)
Clonic 8 63 12 5 88 (30%)
Myoclonic 31 21 7 60 (21%)
Subtle Bxing and/or Pedalling 2 (<1%)
Tonic 45 4 49 (17%)
Only Electrographic 67 1 1 21 2 92 (32%)

TABLE-2 PRETERM INFANTS WITH SEIZURES: DEMOGRAPHIC, CLINICAL AND ELECTROCLINICAL
CHARACTERISTKXy: M, male; F, female; D, day; Y, yes; N, no; PB, Phenobarbitone 20mg/kg.
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Seizure semiology could not be cgteised for 5% of all electroclinical seizures as the video
was obscured by blankets, humidity of the incubator, or hamdIMinetytwo of the 291

seizures recorded using video (32%) were electrographic only and 68% were electroclinical.
Electrographiceaizure onset in all infants was focal: frontal in 36%; central in 11%; temporal
in 15%; and occipital in 38%. Sevenigye percent of seizures spread contralaterally, the
remainder showed some ipsilateral cortical spread, therefore no seizures were hdtate

one channel only. Seizure type varied between infants. Generally, rhythmic delta/theta
activity constituted 58%, whilg}2% were sharp/spike and slow waves. The most frequent
electroclinical seizure types were myoclonic/clonic (51%) and tonic (17%é)in@&nt had

two periods of status epilepticus as per the definition commonly U888) Temporal

seizure characteristics for each infant are describetahle 43 andFigure 45.

Infant

Seizure Temporal Chacteristic 1 2 3 4 5 6 Median (IQR)

Age at start of record (hh:mm) 06:29 07:10 10:01 13:00 28:55 07:46

Number of seizures 151 6 85 49 15 1 32.0 (8.3t0 76.0)
Total Seizure burden (mins) 213.8 2.4 67.6 134.1 12.9 0.7 40.3 (5.0to 117.5)
Mean seizure duration (s) 84.9 24.2 47.7 164.1 51.5 42.0 49.6 (43.41t0 76.6)
Seizure period (h) 11.0 17.1 15.0 29.7 8.4 <0.1 13.0 (9.1t0 16.6)
Seizure onset (h) 7.5 20.1 14.6 319 40.2 21.3 20.7 (16.0to 29.3)
Max Seizure burden (min/h) 36.3 0.5 21.1 17.3 43 0.7 10.8 (1.6 to 20.2)
Time d max seizure burden (h) 9.7 20.7 24.0 54.2 40.8 21.3 22.7 (20.9to 36.6)

TABLE-3 TEMPORAL CHARACTERISTICS OF SEIZURES FOR EACH INFANT.

Two of the 6 infants with seizures received AEDs during EEG mogitdhese infants had
the highest seizure burden, and the majority of their seizures were electroclinical. One
infant received a loading dose of PB prior to monitoring, due to high disusgpicion of
seizures. He had a sevarerinatal asphyxia, with aormal GRUS and the EEG showed an
isoelectric background but no seizures. Additionalbffeine was administered to 60% of

infants during the first 72 hours, including 4 of the infantsowtad seizures.
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Figure4-5 Distribution of instantaneous seizure burden over tirfar the 6 infants with
electrographic seizureslime is postirth and grey horizontal lines represent recording time for
the EEG. Red crosses represent the approximate timing of first ainéiion of phenobarbitone,
the purple lines indicate the approximate time when IVH grade 1 or 2 was identified Rd$Cand
the green line mdicates the approximate time IVH grade 3 or 4 was identified d®US. Total

seizure burden for each infant is digyed at the end of each horizontal line.

4.4.Discussion
In this chapter, we report the first study to use continuous, long duration, viElEG
monitoring to qualitatively and quantitatively describe electrographic seizures in preterm
infants <32 weeks durg the early postnatal period. Seizures were observeahig 5% of
our population, a much lower frequency than that reported using aEEG studies of very

preterm infants in the early postnatal periq@14, 315, 318)
It is difficult to directly corpare our results with previous EEG studies in preterm infants as
few have used continuous long term EEG monitoring in the first few days afte(®irdh

391). In our study, maichannel videeEEG monitoring commenced as soon as possible
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after birth and catinued for a median recording duration of approximately 60 hours. Four
multichannel EEG studies of infants <32 weeks GA reported similar low seizure rates (0.9, 3,
3.9, and 8.% respectively) but used only shaltiration EEG recordings of approximately 1
hour (307, 324, 325, 384Ywo of these studies recorded EEGs at varying times after birth,
specifically at the time when risk factos clinical signs of seizures were susped@zb,

384). In the remaining two studies, EEGs were recorded either during the first week (range 1
t 43 days)324)or during the first three days after birt{807)

Seizure identification can be challenging retprm infants as background EEG patterns vary
considerably withGAand rhythmic patterns are common. Seizure duration is shorter in
preterm compared to term infants, which makes seizure recognition using albBBE&very
difficult (321) We discovered a median seizure duration of 49.6 sesoRdrthermore,

similar to other reports, all seizures in our study had a focal of##9,324) predominantly
over frontal and occipital region(209, 388) Frontal and central cortical regions are often
used for aEEG monitoring, and seizures originating in other regions can be missed. In our
investigation, seizures originating and/or spreading to temporal and occipital regions were
also seen. Additionally, seizures did not generalise and only spread to adjacent brain
regions, which would make recognition on aEEG especially challenging. Biological and
external artefacts, high amplitude rhythmical slow activity, different GA and state changes
may also lead to misinterpretation of the aEE69-271, 392, 393)Artefacts such as
movement, muscle, respiration andcleup can all raise the aEEG baselinepicking

seizures, as seen kKigure 44C(175)so it is particularly important to interrogate the raw
EEG traces (as available most aEEG machines) to identify seiz{B&!) Sixtyeight

percent of seizures identified on EEG were not clearly identifiable on the aEEG, however
further work on aEEG detection of preterm seizures is clearly warranted in a larger study
that includes morenfants with seizures. Multichannel vidd€eEs, in our opinion, is the most
useful tool for preterm EEG monitoring as it provides more comprehensive spatial
information, ensuring that seizures originating over all cortical regions can be identified.
Video @n help identify unusual movements and adefs and most EEG systems have the
ability to synchronously record other physiological variables such as heart rate, oxygenation,
respiration and blood pressure which provide much needed additional information fo

preterm EEG interpretation.
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The most common electroclinical seizure types seen were clonic (30%) and myoclonic (21%).
In the two infants with the highest seizure burden, both had more than one type of
electroclinical seizure, similar to a previousatby Pisani et §895) Thirty-two percent

(92/291) of all seizurem six infants were electrographic only and 53% (49/92) of these
occurred following AED administration, highlighting the need for continuous EEG monitoring
in preterm infants in order to measure the efficacy iddtment. Four infants with seizures

were na treated, possibly because of low seizure burden, short individual seizure duration,
no clinical manifestations or vital parameter changes during the seizures. PB was
administered to one infant with severe pedtal asphyxia in the neseizure group dueata

high clinical suspicion of seizures in the first hour after birth, however no seizures were seen
in the subsequent EEG monitoring period. We do not know if seizures were abolished with
PB or if the movementseen were because the infant was in a veop@mal neurological

state. This infant had a severely abnormal background EEG pattern and subsequently died.
Early EEG monitoring from as soon as possible after birth is very useful in preterm neonates
with perinatal asphyxia but understandably this istmlways possible, particular if the

infant is unstable.

Seizure durations of 128 to 546s, total seizure burdens of 49 to 224 min and seizure periods
of 16.5 t36.6 h have been reported in studies of full teamd older preterm infant¢321,

384-387, 390, 396, 397)n our small group of preterm infants, seizure duration, total

seizure burén and seizure period were much shorter.v [}JA 8§ 0X 0°¢} E %}ES
seizure durations (median of 52s) in 56 preterm infants born betweern 28 weeks GA

(with recordings between 2739 weeks corrected age) when compared to 46tedin

infants (329)

All infants in our investigation were assigned a CRIB Il score which has been shown to
predict outcome in verypreterm infants(43). We found higher CRIB 1l scores in those infants
who subsequently developed seizures whicaynbe useful when deciding which preterm
infants to monitoring with EEG. Seizures appeared more prominentungear infants

(median age of 25.7 weeks). This might be related to the fact that different GAs can

influence seizure frequency and onset, as poegly suggested by Sheth et(@8b8) Another
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finding was that intubation immediately in the delivery suite was associated with seizures,
which was also similarly reported a study by Pisani et §825, 384) Additionally, seizures
showed an association with both Apgar at 1 and 5 minutes, as previously reported by Davis
et al, who stated that infats with seizures were likely to have albjvpus %P @28 G o
A high seizure frequency (4%65%) has previously been reported in preterm infants with

high grade IVH315, 318, 395)Our results show that 7 out of 120 infants developed severe
IVH (grade lll and IV) in the first few days and only 2 of thadeshizures on the EEfaring

this period. However, the seizure burden was highest in these 2 infants suggesting some
association between seizure burden and IVH in preterm neonates. Five infants without
seizures also developed high grade IVH during EE@arog. As ®US imagig was not
performed every day in our infants, it was difficult to estimate the exact timing of IVH. In
both infants who had IVH grade Ill/IV and seizuré&)&images were performed early, and
both infants developed post haemorrhagientricular dilatationby day 13. Electrographic
seizures were also seen irRdweekGA infant with normal RJS, although the seizure

burden was much lower at 2.4 minutes. We recommend the use of early multichannel
video-EEG where possible for preternfants of lower gestatin, with low Apgar scores,

higher CRIB Il scores, and evidence of brain injuryRuSCas our data suggest that these

are the infants at higher risk of seizures (Jedble 41). Previous studies have also reported
seizures in assodian with brain injury(314, 315, 318, 395)ower GA and BW818)and

other clinical coditions such as sepsis, metabolic disorders and perinatal asp{395a

During the early postnatal period when the infant is adapting to extrauterine life, cerebral
autoregulation may be pacand cerebral blood flow can fluctuate, increasing vulnerability
to neurological injury54, 399, 400and risk of later disabilit{276) The goal of neonatal
intensive care is to support the infant and protect the developingrbr&lectrical brain
activityin preterm infants occurs in characteristic bursting patterns which are essential for
neuronal survival and developme(it21) Seizures disrupt these patterns, and if sustained,
may interrupt neuronal survival and connectivity and contribute to longer term
neurodisability(121-123) EEG monitoring is therefore essential to reliably diagnose and
treat seizures as soon as possible, to restore baseline electrical patterns and to avoid
treating infants unnecessarily. Indeed, concern does exist about the potential neurotoxic

effects of phenobarbitonend AED therapyl24126). A study by Bittigau et al. reported an
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association between cognitive impairment and reduced brain mass following AED exposure
in early life and cautioned the over@i®f AEDs in preterm infan{¢27) In our cohort, only

one infant was treated purely on clinical suspicion of seizures, before multichannel EEG
commenced. This low rate is likely due to the availability of edtyG/EEG. In our

experience, the use of multichannel EEG in the NICU settipg peevent unnecessary AED
treatment in preterm infants in particular as it provides detailed information about the
rapidly evolving electrographic activity of the preterm braimd helps identify seizures more
accurately particularly in situations whecénical assessment or aEEG recordings are

inconclusive.

The major strength of this investigation is the prospective recruitment of 120 infants <32
weeks in the early postnatgleriod over a threeyear period in a level 3 neonatal intensive
care unit. V& used long term, multichannel viddgeEG monitoring to continuously monitor
cerebral function and detect seizures. This is the gold standard for detection, quantification
and chaacterization of neonatal seizures and for assessing AED response. Neveartheles
some limitations were evident. We were unable to monitor every infant during the
recruitment period, as refusal to participate and/or lack of EEG machines or staff limited
those who were recruited. The percentage of infants enrolled was also lowee ifir
recruitment period as only one researcher and one EEG machine was available on a 24 hour
e]JeX ,JA A EU « 0 3]}v A ev}s « }v 387 ]v(lighdinfaie] o <3 35|

were approached if staff were available. Therefore, althoughcannot definitely exclude a
selection bias, we do not think our results would be very different as we did not select
infants based on their clinical status. We aimed to redbel EEG for up to 72 hours of age
in all infants and this was achieved in 5X96casionally the EEG was removed at the

0Jv] ]V }E % E vS3e[ E <p 3 (JE A E] SC }( E e<}veX /v *}u
stabilisation, it was not always possible or apprafeito apply the EEG electrodes soon
after delivery and EEG recording onsesvater. However, at least 24 hours of EEG
recording within the firs72-hour window was achieved in all infants included in our
analysis, and 75% had at least 48 hours of rdicgr. We cannot of course exclude the
possibility that some seizures mightyeabeen missed in infants who had <48 hours of EEG
monitoring within the first 72 hours of age. EEG monitoring during the first 6 hours can be

particularly challenging but we dathieve this in 46 infants (38%)d no seizures were
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seen in this period. herefore, although we cannot completely exclude some briefer or

minor seizures during the period when we did not have EEG ongoing, we do not think that a
significant number of seures were missedVithin our cohort, electrographic seizures were
observedm only 6 infants, therefore our quantitative and qualitative descriptors of seizures
are based on this small number. Repeat studies on the basis of clinical conditioRasd C
change, would be useful, as seizures in preterm infants can also occur latpated
previously(267, 307, 395, 401Nevertheless, recording in the early postnatal period is
important as the brain is particulgrisusceptible to neurological injury and seizures may be

the only manifestation of altered nealogical function.

This chapter has highlighted that the frequency of seizures during the early postnatal
period, as quantified with continuous multichannél@o-EEG monitoring, was low in this
cohort of infants compared to previous studies. Whil$traflants in the seizure group were
intubated in the delivery suite, our opinion is that infants of lower gestation, with low Apgar
scores, higher CRIB Il scoaesl evidence of brain injury orROS are at higher risk of
seizures, suggesting that thesednfs might be considered for early EEG monitoring. In this
population, if the aEEG is concerning, we recommend the use of multichannelbitigpas
per the guiddéines of the American Clinical Neurophysiology SogiEty) This will help

avoid both over and under diagnosis and unnecessary expdsipotentially neurotoxic

AEDs during a very vulnerable period of brain deyment.
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Chapter 5. A standardised assessment scheme for

conventional EEG in preterm infants

Part published as:
Noed v E ]e e eey v3 e Zu (}JE }VA VE]}vo ']JvWE § Eu /

Pavlidis El.loyd RQLivingstone V, O'Toole JM, Filan PM,RiBaBoylan GB. Clin
Neurophysiology. 202(131(1):199204

158



5.1.Introduction
Neonatal EEG scoring systems have previously been developed with the intention of
providing clinical information to the NICU sté&fB4, 402. Although the EEG characteristics
of preterm and term infants are vastly different, the existing EEG assessment systems have
been developed for mixed populations of both preterm and term infahlese assessment
schemes lacthe identification ofspecfic preterm EEGeatures which develop with PMA.
dZ]e ]+ A] v3]v E Vv30C A 0}% <*Ce3 uU v ubaskd Z-3
JEP v]e & %}ES]VP }( [ ~* KZ U AZ] Z % E}A] + 3 v
without attempting to grade the EEf8r prognostic purpose&03) As this is a system
targeting infants at all age groups, there are no specific EEG features defined for preterm
infants at varyingpostmenstrual ag€PMA). A specific EEG scoringt®m for very preterm
infants was recently developeto predict neurodevelopmental outcomé@owever this is a
multimodal evaluation which included the EE@veillance clinical assessment at discharge
and cerebral imagintpr outcome assessmel{809) Other studies similarly attempted to
predict outcome, in which the previous EEG grading system by H¢#2% was used on
populations of preterm infants, although not desaghspecifically for preterm infan{821,
395). Conventional EEG is the gold standard for assessing brain activity and has been
extensively proven to be related to outconmeboth term and preterm infant§194, 288,
289, 307, 308, 40408) However, these studies lacked a systematic approach to the

developing features of the preterm EEG for prognostic purposes.

Due to the increasing survival rates of very and extremelyepne infants, there is an
urgent need to provide welliefined boundaries between normal and abnormal EEG

features at different PMA and to objectively evaluate brain activity and maturation.

Therefore, the aim of this chaptes to develop a method, whids as objective as possible,
to evaluate and analyse normal and abnormal EEG features in preterm infants, at different
ages and to assess the interobserver agreement of this method when tbgtedo experts

independently.

159



5.2.Materials and methods

5.2.1. Development of EEG assessmestheme

5.2.1.1. Preliminary Literature Review
To develop an EEG analysthemespecifically for preterm infants, @mprehensive
literature review was performed to identify existimigscriptions and definitions of both
normal and abnormal EB@atures in preterm infantsThis involved identifying descriptions
and definitions of specific normal and abnormal waveforms/features recognisable in
preterm EEG recordingBlUBMedwvas used tawomplete garchesandfilters were applied to
eliminate vCoB-Z pu v|[ ¢$}Ng language restrictions were applied. We included
studies from the year 1990 onward&uthors(RL and EP) initially searched for the
literature independently. In addition, secondary sources of data (such as refereisee in
papers)and personal libraries were also includddhis was undertaken in order to ensure
that all previously published preterm EEGtteasdescribed in relevant papers were

included in our objectivassessmenscheme(174, 175, 194, 277, 292, 309, 402, 409, 410)

5.2.1.2. Original EEG assessment scheme design
Following the literature revienan EEG scheme was developed with accompanying
instructions for use. The instructions provided definitions for all the EE@risaat spedic
PMA(six different age groupsccording to the existing literatui@75) and guidance on
how to grade any specific abnormal waves and features into mitdierate and severelhe
EEG features were divided adl categories(temporal organisation/cyclicity, normal waves,
abnormal waves, and abnormal featureBkfinitions of the waveforms/features were
adjusted dependant on the age group they appeared. Qesaveforms/features do not
appearin all ages, thexfore were not considered icertain age groupsthe EEG scheme
was developed to simplify and guide preterm EEG evaluation at the cot side. The scheme
involves scoring 1 or 0 to note the presence or atzeeof the required features and grading

into mild, noderate and severe for specific features.

11 Rhodri Lloyd and Elena Pavlidis
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5.2.1.3. Neurophysiologicalata t EEG procedure
The patients from Cohort 1 (specifically mentioned in Chapter 2) were retrospectively
recruited for this study. The EEG application procedure was the same for cohottviass |
for cohort 2 and is explained in chapter 2. The only difference being that-silver
chloride electrodes were used and that the only machine used was the NicoletOne EEG
system (CareFusion Co., San Diego, USA). EEG application was perfornoessdieation
with the medical and nursing staff and when the infant was clinicédlyls, before

continuous videeEEG monitoring commenced.

5.2.1.4. Patients
Preterm infants less than 37 weeks GA who undervgamitinuous,conventional EEG
monitoring in the first3 days of life between April 2009 and March 20dre
retrospectively selectedlheonly exclusion criterion was the presence of major congenital
malformations. Ethical approval was obtained by the Clinical Research Ethics Committee of

the Cork Teachingdspitals, Ireland. Written informed parental consent was obtained.

In total, threesteps of analysis and testing was undertaken to develop the assessment

scheme to a satisfactory standard.

5.2.2. First- step analysigData Group 1)
For analysis purposes, anal énsure a widely distributed range of EEG data, we selected
four different time-points at 12, 24, 48, 72 hours of agavo-hour epochs of EEG were
pruned at all four timepoints andsubsequently used for analysis. For the fs&tp analysis,
the developée assessmergchemewas assessed independently by two
electroencephalographer observers skilled in neonatal EEG evaluation (RU'3nd teP
two observers were blinded for all informati@xcept PMA, time of EEG recording post
delivery and whether there wsadministration 6morphine, phenobarbitone or other AEDs
during the EEG monitoringlappa score for interater agreement was calculated for each

infant at each time point. When differences occurred between the two observers, the

12Rhodri Lloyd and Elena Pavlidis
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EEG/features were revied for any disagrements. Following this, the assessmenheme

was reviewed and edited in order to better explain/clarify the parameter.

5.2.3. Second step analysigData Group 2)
In preparation for the second step analysis, further infants were randomlyteelat
random time-points between 12, 24, 48, 72 hours for thour EEG analysis. The revised,
second version of the assessmacheme along with the EEG®ere assigned to two expert
professors with vast experience in neonatal and premature EEG an@{@ziad FP2).
These experts were not involved in the previous stages of developmesmalysis The two
expertsused the EEG assessmenhemeto interpret the EEG, while being blinded to all
information except for GA, administration of morphine, phendiitone or otherAEDs
during EEG and time of EEG recording jpleditvery.Examination was performed
independently andany difficulties in implementing thassessmenschemewere identified
Disagreements were discussed and suggestions were made for fumntbatifications to the
assessment schemeé&ollowing this, the final version of the assessnsattemewas

confirmed.

5.2.4. Third- step analysigData Group 3)
Further infants were randomly selected for the thistep analysis. The final version of the
assessmenschemewere used to analyse the selected EEG recordings. The same two
expertsindependently graded the twour recordings of each infant at random time
points. Again, thewo experts were blinded to all information except for PMA,
administration of morpine, phenobarbitone or other AEDs or during EEG and time of EEG
recording postdelivery. Normal and mild abnormal features were grouped together for
statistical purposes, as previously performed in other stu#issores for interrater

agreement were caldated.

13 Geraldine Boylan and Francesco Pisani
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5.2.5. Statistical Analysis
Continuous data were described using the median Epiand categorical data with
number and percentage. In the first and third step analysis, kapjeesavere calculated
per-infant, whilein the third step analysis, percergadifference were calculated penfant,
and median percentage agreement (IQR) values were calculated for both <30 week and >30
week group of infants. Furthermore, an independent samplest was used to compare
the kappa means for both age groups.
Percentage agreementas defined as the ratio of the number of agreements to the sum of
agreements plus disagreements within a categdiyr each feature, agreement was defined
as both experts assigning the same score to an infant, while disagreement wasdde$i
the two experts assigning a different score to an inf&ech individual features were also
investigated, with a kappa scoemd percentage difference calculated per feature. The
kappa score was not computed for some features that lacked variahiiihin the A % E S« |
examination.For each infant, percentage agreement between the two experts was
calculated for each EEG categg@temporal organisation/cyclicity, normal waves, abnormal
waves and abnormal features).
Furthermore, median percentage agment was compared between the normal and
abnormal features using\&/ilcoxon signeetank test. For this analysis, the mildly abnaim
features were grouped with the normal features, as previously performed in chapter 3.
The statistical analysis was pemoed using SPSS Statistics 21 (SPSS Inc, Chicago, lllinois).
The statistical test was-ailed and a pvalue < 0.05 was consideredlte statistically

significant.

5.3.Results

5.3.1. Preliminary step
An EEG assessmeathemewas developed wit maturation specific fe@res for four
different groups of PMA (235, 2627, 2829, 3031 weeks) The preliminary step led to the
development of the firstiraft of the agespecific assessmestheme seen in Figuré-1. It
comprised four categories of EEG features, name)ytei)poral organisation, 2) normal
features, 3) abnormal waves and 4) abnormal featufidse normative values and

definitions of each EG feature can vary depending on the PMA group.
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Figure5-1 First version bthe assessmentchemewith allocated spacing for scoring the EEG based

on the features.

Instructions werealso generated in order to giveormative valuesgetailed definitions of

the features and modalities in order to give scores appropriately ferdifferent features in
each specific group of ag€he instructions contain guidance fgrading specific abnormal
waves (such as immature waves ateformed waves and mechanical brushes, grading their
amountin: few, moderate or several) and for abnorni@htures (such a®w voltage and
discontinuity, graded in: mild, moderate severe).The normative values and definitions of

each EEG feature can vary depending on the PMA group.

5.3.2. First- step analysis
The same observers used the first edition of theemsmenschemeto grade 8 infant{data
groupl) (range PMA: 24+@31+4 weeksat 12, 24, 48- and 72hour time-points, where
available Of the 8 infants, two infants were observed at each PMA grading gr2&@s,
26-27, 2829, 3031 weeks)The clinial characteristicef these infants are evident itable
5-1.
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Infants FirstStep Analysis

(n=8)
Median (IQR)

GA (weeks) 271(25.8 t293)
BW (g) 830(677.5 t977.5
Apgar score 5 min 8 (7.519)
CRIB Il 9(6.8110.8
Initial pH 7.00(7.10 t7.27)

n (%)
Gender (Male) 4 (50)
IVH Grade I1I/IV /cPVL 2(25)
Sepsis 4 (50)
NEC 1(13)
CLD 1(13)
ROP 0 (0)
AEDs 1(13)
Morphine 2(25
Mortality 113

TABLB-1 CLINICAL DEMOGRAPHICS OF THESNRANTUDED IN THE FIRST STEP ANALYSIS.
Key: IQR, interquartile range; GA, gestational age; BW, birth weight; g, grams; min, minutes; IVH,
intraventricular haemorrhage; cPVL, cystic periventricular leukomalacia; NEC, necrotizing
enterocolitis; CLD, chroring disease ROP, retinopathy of prearéy; AEDs, antepileptic drugs.
Almost perfect agreement (0.811) was achieved in 5 out of the 8 neonates, while

substantial agreement (0.610.8) was obtained in two infants and moderate agreement
(0.41 t0.6) was obtained in one infant (Tab%e2).

Patients Kappa
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0.84
0.58
0.93

0.90
0.75
0.82

N O g Al W NP

0.89
8 0.65

K values according to Landis:

< 0: no agreement
010.20: slight
0.2110.40: fair
0.41t0.60: moderate
0.6110.80: substantial

0.81t1: almost perfect agreement.

TABLB-2 K-SCORES BETWEEN THE TWO OBSERVERS FROM THE FIRST STEP ANALYSIS.

Following the observers practical experience of the new assessscbeime further
evaluation was undeaken.Explanations on PRS, PTS, asymmetry and asynchuengy
improved a section for the documentation of any medication that coaififiéctthe EEGvas
included,and a section foobserverannotationswere included, talocument and highlight

anything of interest.

5.3.3. Second step analysis
The experts reviewed-Bour epoch recordings from data gro) which consisted of 24
infants (range GA: 23+831+4 weeks) at 12, 24, 48, or 72 hours after bifthe 24 infants
consisted ésix infants from 4 differenPMA groups: (225, 2627, 2829, 3031 weeks)
Thesewere randomly selected for the secostep analysis of the EEG data. One EEG time

point (12, 24, 48 or 72 hours) were randomly selected for observation.

The clinical chacteristics of these infantsra evident in table 53.
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Infants Second Step Analysis

(n=24)
Median (IQR)

GA (weeks) 27.8 (28.0t29.7)
BW () 890 (673t1105)
Apgar score 5 min 8 (61t10)
CRIB II 9 (7 t13)
Initial pH 7.23(7.15t7.28)

n (%)
Gender (Male) 10 (42)
IVH Graddll/IV /cPVL 6 (25)
Sepsis 5(21)
NEC 3(13)
CLD 6 (25)
ROP 0 (0)
AEDs 2(4)
Morphine 5(21)
Mortality 1(4)

TABLB-3 CLINICAL DEMOGRAPHICS OF THE INFANTS INCLUDED IN THE SECOND STEP ANALYSIS.
Key:IQR, interquartile range; GA, gestational age; BW, birtight; g, grams; min, minutes; IVH,
intraventricular haemorrhage; cPVL, cystic periventricular leukomalacia; NEC, necrotizing

enterocolitis; CLD, chronic lung disease ROP, retinopathy of preipafEiDs, angpileptic drugs.

Agreementdor this anaysis were not calculateds the two experts discussed the issues in
order to improve the standardised features to be included in the EEG assessment scheme.
Following this step, some features were difted and some nevieatures were added in

order to improwe preterm EE@haracterizationContinuity was a feature added to the
temporal organisation group and was available in thet2d week and oldebut notthe 23

t 25 PMA group, due to lack pérsigent continuous activityperiods in this age grougdhis

was included tadentify normal duration and amjpude of continuous activity adifferent

PMA.A feature added to all PMA groups was the level of abnormal discontinuity. In the
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instructions, a des@ption for mild, moderate and severe discontinuityere included, and in
the scheme the ability to indicate the correct grade is available. The same was applied to
grade abnormal voltage, where mild, moderate and sewsere again the options. Two

new features that were added for all PMA groups were Status Epilepticus aniddier
Lateralized EpileptiformiBchargegPLEDSBuUrst Suppression was removed in the younger
PMA groups and only included from 30 weeks PMA and older. This decision was made as
currently thereis uncertainty in how to define Burst Suppression in the younger PMA, as
previously suggested by some auth¢483) Additionally, immature wavewere removed

from the 23t 25 weeks PMA group, due to laskinformation about a normal EEG <23
weeks PMA. Certain features were combined together to simplify the scheme. Theta and
sharp theta were combined in the normal features, while all the sharpewavere grouped
together. STOPS and Occipital Sawtooth \savere grouped together, as they are similar
features with similar clinical relevance. The deformed waves feature was adapted also, to
ungroup deformed waves and mechanical brushes to be two indeget features in the
scheme. Finally, it was decided todativo new age groups: 334 and 35t 36 weeks, to

cover the entire range of premature infants. All changes led to the amendments of the
assessment schemé&he final version of the assessmeacheng, following the internal
evaluation of the two electroengehalographers and the evaluation of the two experts, is
evident in Figuré&-2. The following page(p.I71-176) includes the fulinstructionsof the

final version of the assessmestheme
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Figure5-2 Thefinal version of the assessmesthemewith allocated spacing for scoring the EEG based on the features
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EEGASSESSMENTHEMEOr PRETERM INFANTS

Colours division
Temporal organization/Cyclicity
Normal waves

Abnormal waves

Abnormal features
Abbreviations:

AS = Ative sleep PTS = PositivBemporal Sharps
F trans = Frontal transients QS = Qiet sleep
IBI = Interbursts interval SAD sSlow anteriordysrhythmia

PRS = Positive Rolandic Shai  STOP pattern = Sharp theta on the occipitals of prenestu

*(For immature waves, deformed waves and mechanical brushes, it is possible to insert a comment on their amount (few, modenseal))

23 t25 weeks

Cyclicity: Not observed.
/ IW D 0i « UDifA ..sX

Burst: Deltatheta activity, <60 sec, i ...s ~}(S v E 7ii ...sX

STOP pattern: sharp theta on the occipitals of prematures / Occipital Sawtooth: rhythmic, regularly shaped,-highium
amplitude 4+7 Hz activities, lasting 0.5+3 sec and located in thpitatcegions.

Slow Delta:

-E i1l ...&3%1 Hz;

- Mono-/Diphasic, smooth (with superimposed fast activity c®Cegions);

- Central and Occipital: undr bi-lateral, Temporal: uniwith right predominance) or bilateral sequences; Frontal: less
represented.

Theta: Diffuse or temporal bileral bursts of theta activity (often sharp).

Positive Rolandic Sharps (PRS): > 0.1 per min.
W}le]3]A d u%}E 0 "Z E%e+ ~Wd W dii us " E Al ...A "~ E iXi % E u]vX
NZ E%e+ ~&E}vE oU VEE oU d U%J}E o Vv I}E K ]%]S osW E iii ...s " E iXi %o

Mechanical bushes: Spindikeo ]1 U ( 5 *%]IC A A pEe+3s A]S3Z u £Ju 0 u%o0]sSp + Z]PZ G
13 and 20 Hz.

Deformed delta: Lack agimoothness, wider basis, increased p#alpeak amplitude.

Asymmetry: > 50% difference in amplitude andfiequencies between the 2 hemispheres and/or if pathological waves are
exceeding in one hemisphere for > 50% compared to the other.

Asynchrony: Normally frequent. Sign as pathological only if constantly present for high amplitude bursts.

Mild discontiruity: Slightly prolonged IBI for at least 50% of a 1 kueniod.

Moderate discontinuity: Moderate increase discontinuity OR increase discontinuity with maximal IBI less than one and a
the maximal value for the age group for at least 50% of aur-period.

Severe discontinuity: Very long IBI, Aeractive OR maximal IBI above one and a half the maxirhad f@r the age group for aj
least 50% of a 1 hoyperiod.

D]Jo oC >}A A}Jo§ PW 03 A A+ D 11l ..pefod.o0 8 Ai9 }( i Z}puE
Moderately Low Voltage: Rare waves between-501 ...sU u}+eS D i ..s ~ § o -p&idd)9 }( i Z}pCE
Severelyabnon 0 >}A s}o3 P W % Ee]*5 v3 G ii ...spericé)o 3 Ai9 }( i Z}uE

/+} o 8E] &E ]JvPW D JvoC Jv &]A SE ]JvP AJ§Z &]JA]SC D A ..sX

Brief Intermittent Rhythmic Discharges (BIRDs): Paroxysms of a sékaireythmic electrographic activityith a duration < 10
sec.

Periodic lateralized epileptiform discharges (PLEDs): Sharp waves or spikes that repeat periodically with an almost regt
interval, lateralized to one hemisphere and showing no clear evolution in terms of frequency/morpholdgyrglitude.

Seizures: Sudden, repetitive, evolving and stereotyped ictal pattern with a clear beginning, middle, and ending and a mi
duration o 10 sec.

Status epilepticus: 30 min of seizure activity OR recurrent seizures with no recoverygfasts80 min OR 50% seizure burder
in 1 hour period.
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26 t27 weeks

CyclicityNot observed.

[ /W D o6i ¢« UDii..sX

Burst: Deltatheta activity, >50,8 ~} (S v ‘E Til ...s*X

Brief periods of semi }vS]vpu}lpue S]A]JSCW h% S} 6i ¢ V u JvoC E&puve }( Z]PZ
with very low frequency (0.31 Hz) on the occipital regions.

STOP pattern: Sharp theta on the occipitals of prematuf@scipital Sawtoothrhythmic, regularly shaped,
mediumhigh amplitude 4+7 Hz activities, lasting 0.5+3 sec and located in the occipital regions.
Premature temporal theta (PTT) 08 u%}@E o0 * A3}}SZ[[W Zuve }( EZC 5Bt} (ki td
appear).

Slow Delta:

-E 711 ...s T1lib

- Diphasic Delta

- Central and occipital. In the occipital regions: high amplitude, smooth or with sparse theta/alpha superimp
Theta:

- %% E}AE]Ju S oC Til ...s

- Diffuse / predominant in temporakgions

- Can be sharp.

Positve Rolandic Sharps (PRS): > 0.1 per min.
W}e]3]A d u%}E 0 "Z E%e+ ~Wd *W &ii us " E Al ...A "~ E iXi % & u]v
NZ E%e ~&E}vS oU VSE oU d u%}E o v I}E K ]%]S oW E iii ...s ~

Mechanical brushes: Spindié&e, fast spiky wave bursts withmB&]Ju o u%o0]Spu e« Z]PZ € SZ v
frequencies between 13 and 20 Hz.

Deformed delta: Lack simoothness, wider basis, increased péalpeak amplitude.

Immature waves: Presence of waves which are usually seen in previous ages.

Asymmetry: > 50% diffence in amplitude and/or frequencies between the 2 hemispheres and/or if patholog
wavesare exceeding in one hemisphere for > 50% compared to the other.

Asynchrony: Normally frequent. Sign as pathological only if constantly present for high amplitistie
Mild discontinuity: Slightly prolonged IBI OR mildly decreassdicontinuous activity for at least 50% of a 1
hour-period.

Moderate discontinuity: Moderate increase of discontinuity OR increase discontinuity with maximal IBI less
one anda half the maximal value for the age group for at least 50% of a tenod.

Severe discontinuity: Very long IBIl, aaactive OR maximal IBI above one and a half the maximal value for t
age group for at least 50% of a ’1 hfpmiod.

Mildly Lowvolt P W 038 A A ¢ D Tii ...s ~ § o-peiod)i9 }( i Z}pn@&E

Moderately Low Voltage: Rare waves between 501 ...sU u}eS D Al ..s ~ S o -pd&idd)9 }(
ANAEoC V}EU 0 >}A s}o§8 P W % Ee+]+5 v3 Gpdriod).s ~ § 0 3 A9 }(
Isodectric tracing: Mainly inactive tracing with activity <5 s X

Brief Intermittent Rhythmic Discharges (BIRDs): Paroxysms of a sieureythmic electrographic activity with i
duration < 10 sec.

Periodic lateralized epileptiform discharges (PLEDg)pSkiaves or spikes that repeat periodically withedmost
regular interval, lateralized to one hemisphere and showing no clear evolution in terms of frequency/morph
and amplitude.

Seizures: Sudden, repetitive, evolving and stereotyped ictal pattéina clear beginning, middle, and ending
and a mimmum duration of 10 sec.
Status epilepticus: 30 min of seizure activity OR recurrent seizures with no recovery for at least 30 min OR

seizure burden in 1 hour period.
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28 t29 weeks
Cyclicity: ASQS outlined.

[/ IW G ii s ~0ie u]lPZSs %S ](} <]}v oeU D ii ..sX

Burst: Longer 0.37,1U *}u 3Ju * E iii ...sU v Z A ep% EJu%o}e EpezZ X
Continuous activity: Up to 160 sec; 20ii ...s 03 v §Z § §]A]18CX

Premature temporal thetdPTT) or*S u%}@E o0 « AS}}SZ[[W Zuve }( EZC3&H4 3Z § g
Delta BrushesRandom or briefly rhythmic delta waves (685 Hz), with an amplitude of 50iii ...sU v
superimposed bursts of fast rhythms (> 8 Hz) of T0i ... s X drZto@pgsar (few).

Slow Delta:

-30- 711 ...s T -DHE;

- Diphasic Delta

- Less diffuse (rarely anterior), abundant in central > 1 sec; posterior predominance, synchrony in eappibe?0
sec.

Theta:

-20- 101 ...s

- Synchronised diffuse bsits ortemporo-occipital

- Sharp when temporal

- Frequent.

Positive Rolandic Sharps (PRS): > 0.1 per min.
W}e]8]A d u%}E 0 "Z E%e+ ~Wd *W &ii us " E Ai ...A " E iXi % E u]vX
NZ E%e ~&E}vS oU VvSE oU d u%}® o v I}E K ]%]S oW E iii ...s 7 E

Mechanical brushes: Spindié&e, fast spiky wave bursts with maximal amplitudes higher than 40uV and frequel
between 13 and 20 Hz.

Deformed delta: Lack of smoothnessdeii basis, increased peai-peak amplitude.

Immature waves: Presence of wawgBich are usually seen in previous ages.

Asymmetry: > 50% difference in amplitude and/or frequencies between the 2 hemispheres and/or if pathologi
waves areexceeding in one hemisphere for > 50% compared to the other.

Asynchrony: Normally frequent.dgdi as pathological only if constantly present for high amplitude bursts.

Mild discontinuity: Slightly prolonged IBI OR mildly decreased continactiisty for at least 50% of a 1 heperiod.
Moderate discontinuity: Moderate increase of discontinuity iD&tease discontinuity with maximal IBI less than ¢
and a half the maximal value for the age group for at least 50% of a ipeoiad.

Severe &scontinuity: Very long IBI, nereactive OR maximal IBI above one and a half the maximal value for the
group for at least 50% of a 1 heperiod.

D]Jo oC >}A A}Jo§ P W 05 A A « D 1ii ..perod.o 3 A9 }( i Z}puE
Moderately Low Voltage: Rare waves between50i ...sU u}+*S D Ai ...s ~ § o -p&ridd)9 }( i
Severely abnormal Low Voltag# E-e]*S vS G ii ...s ~ § o -pesiod)i9 }( i Z}pE&E

/*} o §E] W D JvoC Jv §]A SE ]JvP AJ§Z &]AJEC D A ..sX

BriefIntermittent Rhythmic Discharges (BIRDs): Paroxysms of a sékairbythmic electrographic activity with a
duration < 10 sec.

Perialic lateralized epileptiform discharges (PLEDs): Sharp waves or spikes that repeat periodically with an a
regular interval, lateralized to one hemisphere and showing no clear evolution in terms of frequency/morphols
and amplitude.

Seizures: Suddergpetitive, evolving and stereotyped ictal pattern with a clear beginning, middle, and ending ¢
minimum duation of 10 sec.
Status epilepticus: 30 min of seizure activity OR recurrent seizures with no recovery for at least 30 min OR 5(

seizure burda in 1 hour period.
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30 t 31 weeks

Cyclicity: AS (continuous/sefmontinuous activity} QS(discontinuous)
[ IW G Ti ¢« ~]v Y7o
ME*SW H F15HZ, 1001 ...sU v Z A epu% E]Ju%o}e EpeZ X
Continuous activity.
Premature temporal thetaWWdde }E "8 u%}E o0 * A3}}SZ[[W Epve }(-6Hz (ioreudurigZ
QS).
Delta BrushesDelta waves (0.51.5 Hz), with an amplitude of 50iii ...sU Vv eu% E]Ju%o}-* uE -
(>8Hz)of 1001 ...s EZCSZu*X ]J((pne X
Diphasic Delta:
-100- Tii ...s ~*}u S]u * P% S} ¥RiHz.se ~ iXn
- Alwayssuperimposed by faster rhythms
- Occipital or occipitdemporal, mainly synchronous, more during AS.
Theta:
-E A ...s -6BXA
- Mainly temporal and in QS.
Positive Rolandi8harps (PRS): > 0.1 per min.
W1}e]3]A d Uu%}E 0 "Z E%e* ~Wdr*W dii ue ~ E Al ...A ~ E IXi % E u]vX
NZ E%e ~&E}vS oU VvSE oU d u%}® o v I}E K ]%]S oW E iii ...s ~ E

Mechanical brushes: Spindli&e, fast spiky wave bursts with maximal amplit « Z]PZ & SZ v 901 ...s
between 13 and 20 Hz.
Deformed delta: Lack of smoothness, wider basis, increasedtpeasak amplitude.

Immature waves: Presence whves which are usually seen in previous ages.

Asymmetry: > 50% difference in atitpde and/or frequencies between the 2 hemispheres and/or if pathological
waves are exceeding in one hemisphere for > 50% compared to the other.
Asynchrony: Stithormal. Delta waves are mainly synchronous.

Mild discontinuity: Slightly prolonged IBI @®dly decreased continuous activity for at least 50% of a 1 {peuiod.
Moderate discontinuity: Moderate increase of discontinuity OR increliseontinuity with maximal IBI less than on
and a half the maximal value for the age group for at least 5086lchourperiod.

Severe discontinuity: Very long IBI, Ara@active OR maximal IBI above one and a half the maximal value for the
group forat least 50% of a 1 hoyoeriod.

D]Jo oC >}A A}JoS8 P W 05 A A « D 1ii ..9efod.o0 3 Ai9 }( i Z}uE
Moderately Low Voltage: Rare waves between 501 ...sU u}eS D fAi ...s S o -p&idd)9 }( i
ANAEoC V}IEU o0 >}A s}o§ P W % Ee]*5 v3 Gpdriod).s ~ 3 0 3 A19 }( i
/*} o S8E] W D ]JvoC Jv 8]A SE ]JvP A]§Z &]A]JSC D A ..sX

Burdg suppression: Bursts of theta and/or delta waves (sometimes with fast activity) alternating with pefilms
amplitude activity (< 20 uV). No reactivity to stimuli.

Brief Intermittent Rhythmic Discharges (BIRDs): Paroxysms of a skeureythmic éectrographic activity with a
duration < 10 sec.

Periodic lateralized epileptiform discharges (PLEDg)pSkiaves or spikes that repeat periodically with an almost
regular interval, lateralized to one hemisphere and showing no clear evolution in terfmregaéncy/morphology
and amplitude.

Seizures: Sudden, repetitive, evolving and stereotyped pettiern with a clear beginning, middle, and ending and
minimum duration of 10 sec.
Status epilepticus: 30 min of seizure activity OR recurrent seizutesywrecovery for at least 30 min OR 50%

seizure burden in 1 hour period.
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32 t 34 weeks

Cyclicity: AS continuou€QS discontinuous
[ W Y 21%sdd
Burst: longer 0.51.5 Hz, 100 200 .\, can have superimposed brushes.

Continuous activity.
WE u SHUE 3 U%}E 0 §Z § ~Wdde }E "5 u% }E oactiviydgfss6[Hz): dsappeals ind
AS at 32 weeks and irSGat 33 34 weeks.

Delta Brushes: Decrease in amplitude & increase in frequency (1 to 2 Hz). More numerous at 34 weeks. Occi
temporal at 32 weeks and occipital at 34 weeks.

Delta:occipital & diffuse in QS.

Theta: diffuse.

Frontal transient (F tmas): at 34 weeks; often smooth, incomplete, and asymmetrical.

Positive Rolandic Sharps (PRS): > 0.1 per min.

W1}e]3]A d U%}E 0 "Z E%e ~Wed0.Wperdiin.us ~ E Al ... A

NZ E%e ~&E}VvS oU VvSE oU d u%}@® o v I}E K ]%]S oW E iii ...s ™ E

Mechanical brushes: Spindli&e, fast spiky wave bursts with maximal amplitudes higher than 40uV andeinecgs
between 13 and 20 Hz.

Deformeddelta: Lack of smoothness, wider basis, increased pegleak amplitude.
Immature waves: Presence of waves which are usually seen in previous ages.

Asymmetry: > 50% difference in amplitude and/or frequencies betwtbe 2 hemispheres and/or ffathological
waves are exceeding in one hemisphere for > 50% compared to the other.

Asynchrony: Delta waves are mainly synchronous at these ages.

Mild discontinuity: Slightly prolonged IBI OR mildly decreased continuowstadtir at least 50% of aHour-period.

Moderate discontinuity: Continuous period of activity > 20 sec less than 10% of the recording (at least 1 hour

recording).

Severe discontinuity: Very long IBI, a@active OR maximal IBI above one and a halhthgimal value for the age

group for at least 50% of a 1 heperiod.

D]Jo oC >}A A}JoS P W 08 A A « D iii ..pefod.o0 3 fAi9 }( i Z}uE

Moderately Low Voltage: Rare waves between5Di ...sU u}+S D Ai ...s ~ § o -p&idd)9 }( i

ANAEoC VIEU 0 >}A s}oE P W % Ee]*5 v3 Gpdriod).s ~ § 0 3 AI9 }( i

/+} o 3] W D ]JvoC Jv 3]A 3E ]JvP A]3Z §]A13C D A ..sX

Burst suppression: Bursts of theta and/or delta waves (sometimes with fast activity) alternating with periods
U% 0]Su §]A18C ~D 1i ..s*X E} & &§]JA]S8C 8} «3Jupo]X

Brief Internittent Rhythmic Discharges (BIRDs): Paroxysms of a sdikzeirdythmic electrographic activity with a
duration < 10 sec.

Periodic lateralized epileptiform discharges (PLEDgypSkaves or spikes that repeat periodically with an almost
regular interval lateralized to one hemisphere and showing no clear evolution in terms of frequency/morpholog
and amplitude.

Seizures: Sudden, repetitive, evolving and stereotyped pettiern with a clear beginning, middle, and ending and
minimum duration of 10 sec
Status epilepticus: 30 min of seizure activity OR recurrent seizures with no recovery for at least 30 min OR 50

seizure burden in 1 hour period.
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35 t 36 weeks

Cyclicity: AS continuoyat 36 weeks AS 1: higlmplitude continuous tracing; AS 2: contous, more rapid &lower
amplitude)- QS discontinuous.

IBIl: QS < 10 sec.
Burst: Longer 0.51.5 Hz, 100 200 .\, can have superimposed brushes.
Continuous activity.

Delta brushes: Both in AS and QS.

Delta:

-1-2Hz

- Decreased amplitude (16200 .V)

- Predominant in occipital during AS; quite diffuse during QS.

Theta: Diffuse.

Slow anterior dysrythmiéSAD): Short bursts monomorphic/polymorphic delta waves3Hz, amplitude of 50100
.S Jv (E}vS 0 E * %% &+ Jv ™ iX

Frontal transients (F trans): Immature F trans may be repetitive. Mature F trans: sometimes observed at QS of
Positive RolandiSharps (PRS): > 0.1 per min.

W1}e]3]A d Uu%}E 0 "Z E%e* ~Wdr*W dii ue ~ E Al ...A ~ E IXi % & u]vX

NZ E% e ~&E}VvS oU VSE oU d u%}® o v I}E K ]%]S oW E iii ...s " E

Mechanical brushes: Spindi&e, fast spiky wave bursts with maximalanipli ¢ Z]PZ & $Z v 8i ...s )
between 13 and 20 Hz.
Deformed delta: Lack of smoothness, wider basis, increasedtpeagak amplitude.

Immature waves: Presence whves which are usually seen in previous ages.

Asymmetry: > 50% difference in giitude and/or frequencies between the 2 hemispheres and/or if pathological
waves are exceeding in one hemisphere for > 50% compared to the other.

Asynchrony: Mighstill be present at the onset of quiet sleep.

Mild discontinuity: Slightly prolonged IBR mildly decreased continuous activity for at least 50% of a Hpenod.

Moderate discontinuity: Continuous period of activity > 20 sec less than 10% cfabeding (at least 1 hour

recording).

Severe discontinuity: Very long IBI, r@active OR mximal IBI above one and a half the maximal value for the ag

group for at least 50% of a 1 heperiod.

D]Jo oC >}A A}Jo§ P W 03 A A « D iii ..pefod.o 3 fAi9 }( i Z}puE

Moderately Low Voltage: Rare waves between 501 ...sU u}+S D léast.5086 of & 1 hotperiod).

ANAEoC V}IEU 0 >}A s}oE P W % Ee]*5 v3 Gpdriod).s ~ 3 0 3 A19 }( i

/+} o 3] W D JvoC Jv 3]A 3E ]JvP A]3Z §]A13C D A ..sX

Burst suppression: Bursts of theta and/or delta waves (sometimes with fasit@calternating with periods of low
U% 0] u §]A]8C ~D 11 ...s*X E} E &§]A]3C 8} «3Jupo]X

Brief Intemittent Rhythmic Discharges (BIRDs): Paroxysms of a sdikzeirbythmic electrographic activity with a
duration < 10 sec.

Periodic lateralized ef@ptiform discharges (PLEDs): Sharp waves or spikes that repeat periodically with an alm
regularinterval, lateralized to one hemisphere and showing no clear evolution in terms of frequency/morpholog
amplitude.

Seizures: Sudden, repetitive, evalyiand stereotyped ictal pattern with a clear beginning, middle, and ending an
minimum duration ¢ 10 sec.
Status epilepticus: 30 min of seizure activity OR recurrent seizures with no recovery for at least 30 min OR 50¢

burden in 1 hour period.
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Theinstructionsdescribed each feature clearly and gives very specific guidelines of how to
discover certain features. Figute3 shows 14 examples of the different abnormal

waveforms/features evident in group 3 and 4.

Figure5-3 Examples of some abnormal waves and abnormal features identified in the assessment

scheme

5.3.4. Third- step analysis
The experts independently scored 12 different infarfthata group 3jrange PMA: 23+3
36+1 weeks) EEGs bsing the final version of the assessment scheme. EEGpimmgs of
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12 and 24 hours were used for all infants. The clinical characteristics of these infants are in

table 54.

Infants Third Step Analysis

Median (QR)
(n=12)
GA (weeks) 29.6 (26.3t32.2)
BW (g) 1345 (868t 1985)
Apgar score 5 min 9(61t10)
CRIB Il 7 (3t12)
Initial pH 7.05 (6.97t7.18)
n (%)
Gender (Male) 5 (42)
IVH Grade llI/IV /cPVL 1(8)
Sepsis 3(25)
NEC 1(8)
CLD 2 (17)
ROP 0(0)
AEDs 2(17)
Morphine 3(25)
Mortality 1(8)

TABLB-4 CLINICAL DEMOGRAPHICS OF THE INFANTS INCLUDED IN THE TALRBIKey? AN
IQR, interquartile range; GA, gestational age; BW, biight; g, grams; min, minutes; IVH,
intraventricdar haemorrhage; cPVL, cystic periventricular leukomal&ti, necrotizing

enterocolitis;CLD, chronic lung disease ROP, retinopathy of prematurity; AEDspideiic drugs.

Substantiahgreement was achieved in 9 out of the 12 neonates, while emaie:

agreement was obtained in the remaining three infants (Tabb. 30 evaluate the

influence of the PMA on the EEG assessntletpatientswere subdivided into two age

groups (<30 weeks anHii A leeX dZ }o & WD « } § ]v s & PE&E
substantial score, while the younger PMAs showed a moderate sthig.however, was

not statistically significant.
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Patients | Kappa | % agreement PMA group Median Percentage p-value?
Agreement (IQR)
1 0.783 90
2 0.500 75
3 0.566 82.6 <30 weeks 82.6 (80.7to 878
4 0.704 87 PMA
5 0.649 82.6
6 0.657 82.6
7 0.534 78.3 0.249
8 0.725 83.3
9 1.000 100 Hii A e | 86(82.1t097)
10 0.669 84 PMA
11 0.746 88
12 0.909 96
K values according to hais:
< 0: no agreement, @.20: slight, 0.210.40: fair,0.410.60: moderate,0.610.80: substantial,0.81
1: almost perfect agreement.

TABLE-5 K- SCORES AND PERCENTAGE AGREEMENT FOR INTEROBSERVEREABRIHEMENT
' s >h d/KE E KE~™/

dtKk yW Zd” /E W d/ Ed?]

aWilcoxon signedlank test

ZIE'. /&& Z Ed WD

Furthermore, Kscores and interobserver penseage agreements were calculated for each

individual feature (Tabl&-6), while the normal andbnormal features groups were also

calculated separatelyAn agreement <50% occurred only once, for the STOPS/Occipital

Sawtooth feature groupRetrospective reigion of the EESand the reviewers analysis

identified thata particular EEG was severely palogical, whereagreement on the evidence

of STOPS/Occipital Sawtooth wawvesre poor.
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Feature Group Feature n % Kappa
agreement
Temporal Cyclicity 12 83.3 0.429
Organisation Interburst Interval 12 83.3 -
Burst 12 100 -
Continuity 10 90 .615
Normal Waves STOPS/Occipital sawtooth 4 25 -
Delta 12 83.3 -
Theta 12 91.7 -
PTT 8 75 -
Delta Brushes 100 -
Frontal Transient 4 100 1.000
SAD 2 100 -
Abnormal PRS 12 91.7 0.750
Waves PTS 12 83.3 0.571
Sharps 12 75 0.308
Deformed Waves 12 58.3 0.250
Mechanical Brushes 12 75 0.438
Immature Waves 10 70 0.211
Abnormal Asymmetry 12 66.7 0.143
Features Asynchrony 12 83.3 0.625
Discontinuity 12 91.7 -
Low Voltage 12 100 -
Isoelectric 12 100 -
Burst Suppression 6 100 -
BIRDS 12 91.7 0.750
PLEDS 12 100 1.000
Seizure 12 100 1.000
Status 12 100 -

TABLB-6 K t SCORES AND PERCENTAGE AGREEMENTS FOR ALL EEG FEATURES.

During comparison of the feature groups, percentage agreementéen the 2 experts
showed a good agreemeffr all patients and for each EEG category with median
percentage agreement ranging from 80% to 108®&®ss the foucategorieq Tableb-7).
High melian values were evident in all feature groups. An agreemen¥%<@urredonly

once, where the percentage agreement for normal waves for patient 2 was zero as there
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was no agreement between revieweRetrospective revision of the EEG and the reviewers
analysis identifiedhe sameseverely pathologicd#tEGas previouly mentioned ,where one
reviewer identified no normal waves at all in the 2 hours epoch and the other identified few
normal waves in the background of the abnormal EEG trace. Honmsérthe experts

showed a high agreement for this patient in the assesshof the temporal
organisation/cyclicity, abnormal waves and abnormal features, showing that they both
agreedon the fact that this EEG was clearly abnormalart from this category, thewerall

agreement for this patient was good.

Patient PMA Group Temporal Normal Waves Abnormal Abnormal
Organisation(%) (%) Waves(%) Features(%)

1 2325 100 100 80 88.9
2 2325 100 0 80 88.9
3 26-27 50 75 83.3 100
4 26-27 75 75 83.3 100
5 2829 100 100 66.7 77.8
6 2829 100 100 50 88.9
7 3031 50 100 66.7 90

8 3031 100 75 66.7 100
9 32-34 100 100 100 100
10 32-34 100 80 66.7 90

11 35-36 100 80 83.3 90

12 35-36 100 100 83.3 100

Median (IQR) 100 (81 to 100) 90 (75.0to | 80 (66.7 t033.3) | 90 (88.9 to 100)
100)

TABLB-7 PERCENTAGE OF AGREEMENT BETWEEN THE TWO EXPERTS FOR ALL FOUR FEATURE
CATEGORIES IN EACH PATMENMiRN and interguartile range (IQR) were also calculated for each

feature category

When the temporal organisation and normal waves were comthiteecrede a normal
group and abnormal waves and features combined to create a normal grouplevighof
agreement(median 88.9% and 86.6%gtween the experts was found. No statistical
difference was evident, however, between the percentage agreemetwéen the two
groups (p=0.959) (table-8).
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Patient PMA Group Normal Group(%) Abnormal Group(%)

1 2325 100 85.7

2 2325 50 85.7

3 26-27 62.5 93.3

4 26-27 75 93.3

5 2829 100 73.3

6 2829 100 73.3

7 3031 75 81.3

8 30-31 87.5 87.5

9 32-34 100 100

10 32-34 88.9 81.3

11 35-36 88.9 87.5

12 35-36 100 93.8
Median (IQR) 88.9 (75 to 100) 86.6 (81.3 t0 93.3)
Difference: 0.70 €15.3t0 12.6)
Median (IQR)
p-value® 0.959

TABLB-8 PERCENTAGE AGREEMBETWEEN THE TWO EXPERTS FOR NORMAL AND ABNORMAL
FEATURES IN EACH PATN¢dian (IQR) were also calculated for each feature category. Wilcoxon
signedrank test was used to compare the performance of normal and abnormal feat\vdsoxon

signedrank test

5.4.Discussion

We present a tailored, aggpecific preterm EEG assessmegctieme with user instructions
to specifically evaluatthe EEG of preterm infants at different PMA, summarizing all the
current knowledge about this topid.he six different ge groups were chosen accordingly to
the existing literaturg175)that provided this subdivision followirthe evolution of the EEG
features.Groups of gproximaely 2 weeks isisually accepted in the estimatiori the GA

by EEG visual analysasid wasviewed aghe bestmethod toimplement in the

development of the schem@&.he selection of what was includedhg/carefully considered,

to make theschemeas concise and as user friendly as possible to aid analytbis ebt
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side.However, of course, the time requirdd use theEEG assessment scheme may yvary

depending on the reviewer expertise and difficulty of the EEG trace, being largely subjective.

The main usefulness of this scheme is that it provides a defigiedf all the EEG features

that needsto be assessedt each PMAn order to accomplish an géctive revision;

§Z E (JE U 8Z]e*+Zu E p «3Z & A] A E+[ p i TBIA]SC Ppu] ]\
schemeenables qualitative assessment of the EEG,éw@w it also enables further

guantitative analysis, if required.

Thisschemes subdivided nto 6 PMA groups and also 4 EEG categories: temporal
organisation, normal waves, abnormal waves and abnormal features. Using this method, we
demonstrate moderateo almost perfect interobserver agreement between two

independent expert$rom two different @ntres, who were not involved in the development

of the scheme Between the experts, the median percentage agreement rates for all four
categories of EEG featwevere between 80% and 100%, while the mean percentage
agreement for normal features was 89%dame abnormal features were 87%, with no
significant difference in agreement between normal and abnormal groups (p=0.959). This
provides a plausible stagoint for this schemeto be considered as a useful tool for EEG

assessment in preterm infants.

BExam]v (& pErtigé and effective quality of training given on the newly developed
assessment scheme is important to ensure high percentatgeabserver agreemenf EEG
data interpretation(403) Visual analysis of EEG slsalifferent interobserver agreement at
different postnatal agesnd when considering different EEG featuiresidults and aler
children(411, 412)Epileptic discharges hawpecificallyshown almost perfect/substantial
agreement between expertswhilst focal norepileptic abnormalities have shown moderate
results in children with new diagnosis of seiz(4&1) Additionally, it has been
demonstrated that using precise definitiodsiring EEG analysis in childremght improve

the interobserver agreemen(@11)

A recent study foneonatal EEG has shown variability in neonatal EEG background
interpretation across electroencephalographeiél3) Interrater agreement was

consistently highst for voltage, seizure presence, continuity, burstagé, suppressed
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background presence, delta activity presence, theta activity preseatd overall

impression. However, agreement was poor aransistent for othefeaturessuch asurst
abnormalitytype andinterburst voltage Due to the peculiaritiesfmeonatalEEGwe

believe that the use of wellefined EEG features and a shared assessswr@mewould be
beneficial in order to have an objective qualitative analysis of the neonatal EEG aneia bett

agreement between observers for preterm EEG evatunati

Some studies testing interobserver agreement for neonatal seizure detection in term infants
(269, 414, 415)Interobserver agreement was high when internationabnatal EE experts
reviewed multichannel EEGr seizure detection; however, lower agreement was reported

in shorter or rarer seizure@14) In another study, the authors reported a substantial
interobserver agreement when two experts reviewedtzannel connuous EEG with aEEG

for seizure detection in term infants, compared to a fair degséagreement when only

using the aEE@69) The most recent studseported suboptimal reliability, even when
experienced clinians used aEEG to detect seizures. Video was available during the

investigation, however this did not seem to improve the aEEG recording an@lys)s

However, little is known about interobserver agreement ironatal EEG interpretation in
general, particularly for background activity evaluation and thassessment in preterm

infants, for whom onlyntermittent features have been studie@16) Murphy et al.
calculatedinterobserver agreement was only calculated for bulBtbetection and showed

that moderate levels of agreement (median Kappa from 0.53 to 0.66) were achieved among
3 observers with annotations across all chanrféls) A recent paper, with annotations on

a channelby channel basis, achieved a Kappa score agreement of 0.60 (95% CI: 0.21 to 0.74)
(417)

Acomprehensivalossary for neonatal EEG has previously been degdlbg André et al.

(175) Recentlya standard computebased system for EEG assessment and reporting has
been developed with a subsection on neonatal EEG for both term and preteantsi¢f03,

418). Additonally, previous studies gave indications on normal and abnormal features of the
EEG in preternl74, 277) However, because of the increasing survival rates of very and

extremelypreterm infants, knowledge abotlhe features of the EEG this population is
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still growing,particularly with respect to the normaluration ofiBlat specific GA/PMALhis
could potentially be the reasowhy the highest disagreement between raters oged in

the lower ages amh for the abnormal waveshus, uncertainties about boundaries between
the normal and the abnormal features are still present and differences exist between EEG
readers and different centres. A tailorsdhemefor infants at differat PMAs and

normative definitions for normal and alormal features are needed in order to correctly
grade the preterm EEG. Certainly, there is a huge derm@madsessnaturationof brain
function, how to effectively monitor and manage brain development aod to correctly
assess prognosig.defined EEGssessmenschemeto facilitate the analysis of preterm EEG

is still lacking and should be addressed.

EEG background activity and the presence of seizures have alreadgtmmento be
related to outcomen preterm infants(194, 288, 289, 307, 308, 314, 321, 325, 395;4118!
419). Thus, multichannel EEG is a valid tool to assess preteumodevdopment. Its
usefulness depends on the experience of the reathars providing an objective method to

evaluate and grade EEG in preterm infantswasranted

Previously developed neonatal EEG scoring systems were based on mixed populations of
both preterm and terminfants (194, 403, however, they were not tailored on the growing
population of very and extremely preterm infants. Hereschemeand auser instructions
specifically for EEG evaluation in preterm infants divided in different R§teveloped
summarizing all the curré knowledge. Using this methothe inter-rater agreement

between electroencephalographers were very good, however this agreement may be biased
since we developed thecheme Alternatively, two independent experts from different

centres produced good inteater agreement, with moderate agement for all patients,

PMAs and EEG featuré&light bias isa possiblity at this stage also, since the experts
discussed the features before finalising theheme A slightly better result is obtained for

older PMAs~H i1 A leeU % }e++] 0 EbaRel( knovdlédde avdilable for this age

group, however, the difference is not substantial. In terms of the features, the kappa scores
were not always measureable, due to the lack of variability in the scorings bettiveen

raters. Percentage agreement wierefore calculated, with high agreements (>50%) in all

but one feature, which was the STOPS/occipital sawtooth feature. In terms of the four
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feature groups, all four produced high median percentage agreement vameging from

80 t100%, while additioally further grouping of normal and abnormal groups produced
high median percentage agreement of 88.9% and 86.6%, respectively. The difference in
median was not statistically significant between the normal and abnogralps.

Therefore, we believe thatis approach offers a higher possibility to achieve a consensus in
the evaluation of thepreterm EEG between different readers anddalye foundation for a
tailored assessmergchemeof preterm EEG for prognostic purpssin this population.

A limitationof the present study is the number of subjects evaluated, accordingly we advise
future studiesto use a larger sample size. Future objectives should be to implement the
presentschemefor gradingpreterm brain functionn a large sample of preterm infants.
Additionally, it is important to assess their performance for serial follpnEEGS and for the
prediction of neurodevelopmental outcome. Eventually, it might be possible to evaluate the

performances of the final devgbed assessmergchemein other reseach centres.

In conclusionthis workpresensthe first step towards atandardized scheme for the

analysis of EEG in preterm infanthis will allow a better understanding of the relatstip
between EEG and prognes this population. Clear defingins and identification of

features will possibly improve user confidence during pattern recognition in preterm EEG.
This is an attempt to simplify and provide clarity to EEG read#gstifying the features
theyneed totake into account when approachirgpreterm EEGIhehopeisthat this
schemeprovides clarity and is user friendly, ultimately allowing a higher interobserver
agreement. If the approach is used, it may be possible to easily compare studies performed
in different centres in the neafuture. This schemallows for a more universal way of
assessing preterm EEG and the opportunity to pool larger dataBetsteported high
interobserver agreement between expertsa promising sign for the ability to asséss

preterm infantEEGs in the future, and ultimately being of a clinical use in the early neonatal

period.
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Chapter 6. Mathematical and visual analysis of

serial EEG concordance in preterm twin infants

Part published as:
‘Mathematical analysis of EEGncordance in preterm twin infantx

Lloyd RQO'Toole JM, Livingstone V, Filan PM, Boylan GB. Journal of Clinical
Neurophysiology. 2019
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6.1.Introduction

Multiple births constitie 2.4 t 4% of all live birthspf which 42t 78% are preterm infants
below 37weeks GA420) Preterm twins are at an increased risk of adverse outcome, such as
CP (421) with monochorioniediamniotic (MCDA) twins at higher risk of mortality and
morbidity compared to dichorionidiamniotic (DCDA) twin@22) In addition, the early birth

of very and extremely preterm infants leadsadded complication§423) A study by Bodeau
Livinec et al showed that twin<32 weeks GA had higher mortality and slightly lower

neurodevelopmental outcome scores at 5 years of age compared to preterm sing(é&f)s

EEG is the gold standard for accurate monitoring of cerebral activityta portability makes

it particularly suited to the NICU. It can accurately predict {@rgh outcome from the first

few days of life(293, 306, 307, 309, 321FEG characteristics are believed to be strongly
influenced by genetic§425) Studies have reported EEG similarities indcand adult twins
(426, 427)with greder similarities for identical twins compared to natentical twins(428

432). Similar findings have been reported in term neonates, with identical twins showing

stronger correlations compared to nadentical twins(433, 434)

To our knowledge, no EEG studies in pretdmns have been conducted, therefore it
remains unclear whether thisoncordance starts before term age. We therefore aim to
determine if EEG concordance exists for twins born <32 weeks GA and determine if this
concordance, if present, is dependent on twype (MCDA and DCDA). We also aim to assess

the effect of maturatioron concordance over the neonatal period.

6.2.Material and Methods

6.2.1. Participants
This is a retrospective study of preterm twins that were selected from a large prospective
cohort study ofmfants <32 weeks GA, born in Cork University Maternity Hospitahttedad
enrolled between March 2013 and April 2074 assess whether naelated preterm infant
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pairs had similar EEG concordance to preterm twin pairs, singleton infant pairs weredelect
from the prospective study. The singletons weretah@d on GA tohte twin pairs Any infant
with IUGR, grade 3 or WH, congenital anomaly, owho died during the NICU stayas
excluded from this studyEthical approval for the collection and analysfsthe data was
granted by the Clinical Research Ethics Committekeeo€ork Teaching Hospitals, Ireland and

written informed parental consent was obtained.

6.2.2. Data collection
Clinical details and infant demographics were recorded. Twin type informatisrobtained
from the ultrasound examination during pregnancy. MCDA twins were distinguished as
fetuses with a shared chorionic sac and individual amniotic sacs whereas in D@D A&ch
fetus had an individual chorionic and amniotic $28). Results from seri@@RUScans were
collected and documented for all infants, including information regarding gedd®H, to
ensure exclusion of the infants with severe IVH. As per our standard clinical practice, a
paediatric radiologist, who was not involved in the study, performed apbrted all ®US
scans. Infants had the firsROS within the first 72 hours diirth where possible, with repeat
scans between 7% 10 days of age and again at one month. Timings varied slightly depending
on the availability of the radiologist and the infl&s«[ o]v] o }v ]S]}vX &}E Z \v
calculated the CRIB I, a clinicdsessment with possible scores ranging from 0 t¢42)
Thisinstrument calculates an index of risk based on gender BB admission temperature,

and the base deficit in the first blood sample taken.

6.2.3. EEQRecording
Continuous videdeES was recorded for all infants, after birth, as soon as they were stable.
Recordngs for twin pairs started at almost the same time and continued until the infants were
approximately 72 hours of age; some recordings were continued for longer to accommodate
clinical care or parental visitation. EEGs,-dfl®ours duration, wereapeatd at32- and 35
weeksPMA All multichannel EEG recordings also displayed a2nei aEEGimultaneously
on the EEG monitorA modified neonatal version of the internationaD/20 system of
electrode placement was usd844) Disposable mbu Neuroline 700 Single Patient Surface

Electrodes were applied to the scalfctive electrodes were positioned at F4, F3, C4, Cz, C3,
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T4, T3, O2and O1, with reference electrode at Fz and ground electrode behind the left ear.
In some instances, the Cz electrode was not applied becausmall head size. Impedances
o}A AIQ A E u ]Jvs ]Jv $ZE}uP Zhuee BEZG ndEchihEs Wer Xvdiab
for use during the recruitment periodhe NicoletOnej "eCeS U ~ E &ue]}v }IXU 7
Diego, USA); thlihon Koden, EE®200, Neurofax; andhe Moberg ICU Solutions, GR&0
EEG and Multimodal Monit¢B44) Continuous multichannel EEG was recorded and analysed
by research staff and the aEEG was available to aid clinical management. Caimmrns
clinical behaviours or aEEG patterns during monitoring led to review of the continuous

multichannel EEG, but this was dependent on the availability of a neurophysiologist.

6.2.4. VisualEEGanalysis
The EEG recordings were visually analysed for quality and, vaisipoor, the infants were
excluded. Standard visual analysis of the entire EEG recording in each infant was undertaken
to assess for seizure activity, state change, maturational featwrels as delta brushes, and

abnormal features such as deformed wawehs or disorganised waveforn($94)

Two-hour EEG epochs with zero to minimal artefact at 12, 24, 48, 72 hourshatadtage,

and 32 weeks and 35 weeks PMA were extracted from the recordings. The first four epochs,
within 72-hours postnatal age, were grouped together and henceforth refertedas the

early time % }]vEX dZ & (JE U }A & 8Z ]Jv( v3[e +3pa@ntweieZ E/ hU
analysed: early, 32 weeks and 35 weeks. The 32 week recording was chosen as a significant
time-point as it represents a milestone age with decreased rist@fbidity and mortality

(435)and the 35 week recording was chosen as agiseharge recording. For most infants,

epochs at all timgooints were available, but someere missing due to late EEG application,
instability of the infant, poor quality of the EEG recording at that time period, or early

discharge.

To avoid bias durop visual analysis, epochs from all infants weraed#ntified and ordered
randomly. The oly remaining information available during the EEG analysis period was the
" }(8Z Jv(v3U v vCu ] 8]}vP]Av §38Z 3§Ju }( Gon}E JvPX

code was reinstated following analysis. Visual analysis was performed accordihg to
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assessment scheme Chapter 5Kigure 52, pagel70). This approach was used on tlour
epochs from each infanEigure 52 lists all features assessed at each/I@AA. In total, 15
EEG features were assessed in thet2% GA age group; 18 EEG featurethe 26 t 27 GA
and 28t 29 GA age group; 19 EEG features in theé 32 GA age group; and 20 EEG features
were studied in the 3336 GA age groughis assessmeagriteria inFigure 52 was developed
following an extensive review of the existing laéure in order to create a scheme of EEG
evaluation in very and extremely preterm babies at different G&d, 175, 194, 277, 292,
309, 402, 409, 410)

Features were graded as either 1 or O to indicate the @nes or absence of that feature.
Thus a binary sequence corresponding to the number of features was associated with each

epoch.

6.2.5. Mathematical EEG analysis
We extracted a 9eof mathematical features from each EEG epoch using the NEURAL software
package(436) Although the epohs had minimal artefact, the first stage of the feature
extraction procedure was a simple artefact detection algorithm to remove any remaining
artefacts such as brief higgmplitude transients. Next, the EEG was {pass filtered to 30
Hz and dowrsampledfrom 256 Hz to 64 Hz. Mathematical features were then extracted
using the bipolar montage R€4, F3C3, C4T4, C3T3, C4Cz, CiC3, C402, and C301.
For full details on thartefact removal procedure and feature estimation methods, please see
(436)
EEG features were categoed into power, discontinuity, and symmetry groups. The power
group consists of absolute and relative spectral powRalative spectral power was calculated
as the power in ach frequency band relative to thital power over the 4 bandsThe
discontinuitygroup consists of kurtosis and skewness of the EEG and features that represent
the temporal organization of the bursts, namely percentage of bursts and mediarbatst
interval. Bursts were detected using an automated burst detectiogthmd (417) The
symmetry group consists of intéremispheric coherence. All features, except for the burst

features, were calculateon four frequency bands: 1) 0.5 to 3 Hz; 2) 3 to 8 Hz; 3) 8 to 15 Hz;
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and 4) 15 to 30 HZ hesemodified frequency bands better suit the distribution of energy in
preterm EEG208, 436) Spectral power and coherence features used the Welch method to
estimate the power spectral density, using &&ond Hammig window with 50% overlap.
For calculating the intehemispheric coherence, we used the surrogdeta approach to
estimate zeracoherence using 1,000 surrogates of randphase signals with a Qercentile

cut off (436)

All features, again except for the burst features, weretracted from shorduration
segments (64 seconds with a 50% overlap) over the whéleu2 epoch. The median value
over allsegments was used to summarize the feature for thieoRr epoch, which is the
median value over approximately 225 segmendl features, excluding the symmetry
features, were summarised by the median value over chanmeltotal, 22 features were
generatd: eight features for power, 10 features for discontinuity, and four features for the

symmetry group.

6.2.6. StatisticalAnalysis
Gontinuous data were described using the median #Q&and categorical data with
number and percentageill tests were twesided and ap <0.05 was considered statistically

significant.

6.2.6.1. Visual Analysis

To evaluate concordance using the visual EEG gradiigfp HE U W E-}v[e }EE
coefficient () was calculated for each binary feature sequence within twin pairs at all time
points. For the early timgoint, fourr-values from the first 72 hours were averaged to obtain
one r-value representative of thisime point. This procedure was repeated for thage
UsdZ <]JvPo 8}v % JE*X dZ +3E vP3Z }(3Z } ((]]Vvs A op « A
guidelines :r of 0.1 t 0.3 (small correlation), 0.30.5 (moderate correlation), >0.5 (strong
correlation) (437) Correlation coefficients were then compared between the twins and
singletons. For all 3 timpoints,differences in the correlation distributiorngere tested using
the Wilcoxon signedank tes when the data was paired (twins vs singletons) and the Mann
Whitney U-test when the data was independent (MCDA vs DCDA).
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6.2.6.2. Mathematical Analysis

To evaluate concordance for the mathematical EEG analysigsegeintraclass correlation

(ICC) to assessdldifferences within twirpairs compared to among all twins, with higher ICC
values indicating greater similarity for twpairs. ICCs were calculated for all twins, then all
singletons, and then MCDA and DX subgroups. We used linear mixezffect modes to
estimate the ICCs. Due to n@aussian skew in the distributions of many features, all
features were log transformed before analyses. The ICC was defined as the proportion of
variation of the feature tht was due to the variance in the twin effe@38) ICCs for later

time-points (32 weeksind 35 weeks) were estimated, with twin groupasandom effect in

the model, as : ICC (1 epochy=—L20U —  where &%, yrepresents the variance within the

Ra0T YPPOIalx
twin-pairs and &2 . ;) « kgpesents the variance of the residual from the model fit. I@Cs
the early timepoints (which iclude the 4 epochs at <72 hours posttal age) were
estimated, with both individual and twin group as random effects, as: ICC (4 epochs)
_ 80U

= , where & 4, i« rleRFESENts the variance among all twins. As GA
ROT 6UTOa0TRIXPPOIalx

may significantly alter twin correlationg39) adjusted ICCs were estimated by including GA

as a fixed effect in the models. Both unadjusted and adjusteddf@Ggported.

The smallige of our cohort may bias our estimate of ICC values. To ensure confidence in the
estimate, we implemented a method to test if the ICC significantly differs to 0. We applied an
approach used for assessing coupling in EEG, odferred to as the surrogatdata approach

(440) The method generates a probability distribution associated with riall hypothesis

that the ICC is zero, to generate a threshold above which significantly differs to zero. To
calculate this distribution, we generated surrogate data for every ICC estimate. First, random
samples are generated from a Gaussian distributieith the same mean and staard
deviation as the log of the feature. Then, these random samples are used to generate an ICC
using the same number of infants and twin pairings. This process is repeated 1,000 times
resulting in a nuthypothesis distributia of ICC valug€41) The lower threkold is estimated

from the 95" percentile of this distribution. And finally, if the ICC of the feature is greater
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than this threshold then we infer that the ICC is significantly different tp €0(05). This

process was repeated for all features at alide time-points in the anbysis.

The strength of agreement (ICC values) was interpreted according to the guidelines of Landis
and Koch: ICC of 00.2 (slight), 0.2t 0.4 (fair), 0.4t 0.6 (moderate), 0.6t 0.8 (substantial),

0.8 t1 (almost perfect agrement)(442) For this analysis, we define significant ICCs as values
above 0.6 that exceed the threshold from the surrogate datse ICCs were calculated using

R (version 3.3.1, The R Foundatof Statistical Computing, http://wwwproject.org) with

the Imedpackage (version 1-10). Mathematical EEG features were generated using version
0.3.0 of the NEURAL software packagjéother statistical analyses weperformed in SPSS
Statistics 2XSPSS Inc, Chicago, lllinois).

6.3.Results
6.3.1. Patient characteristics

In total, 36 preterm infant$20 twinindividuals and 16 singletongjere eligible for this study.
During the recruitment period, 67 infants born less than 32 weeks GA were enrolled, of whic
13 sets of preterm twins (26 infants) were monitored. This included six sets of MCDA twins
(12 infants) and seven sets of DCDA twit infants). From the 13 twin sets, three were
excluded: one due to congenital anomalies, and two due to IUGR, IVH lyéd and death
during hospital stayNo EEGs were excludedelto poor quality recording€onsequently,

10 sets of twins (4 MCDAps and 6 DCDA pairs) were included in the study. Median duration
of the EEG recordings at the different tirpeints and the postnatal age at the start of the

first EEG recordingre evident in &ble6-1.
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Twins Singletons
Median (IQR) Median(IQR)
Duration early EEG (hrs) (n=20) 69.4 (65.810 71.7) (n=19 69.4 (62.4t0 71.4)
Duration 32wks EEG (hrs) (n=19) 3.2(2.6t05.2) (n=19 2.7(2.0t0 4.2)
Duration 35wks EEG (hrs) (n=16) 2.4 (2.0to 3.6) (n=1) 3.0(2.3t03.2)
Postnatal Age astart of first| (n=20) 7.8 (6.1109.8) (n=19 7.3(3.51012.8)
EEG (hrs)

TABLEB-1 EEG RECORDING COMPARIBEONSEEN TWINS AND SINGLETRGISIDINGHE
DURATION OF EEG RECORDINGS AT DIFFEREQINTIMEND POSTNATAL AGE AT START OF THE
FIRST RECORDING.

In total, 210 twehour EEG epochs were visually reviewed before being matheatigitic
analysed for both twin pairs and control agetched singletn pairs. From the group of
twins, 20 infants were recorded during the early tipeint, 19 were recorded at 32 weeks
and 16 were recorded at 35 weeks. Within our cohort we found 16 eligiblgleton infants

to generate the 10 unique agmatched singletorpairings.This meant that 4 infants were
reused, but paired with different singletons to create new singleton pairings. From the 10
singleton pairings, 20 unique EEGs pairings were useddgltite early timepoint, 20 EEG
pairs were used at 32 weeks andl EEG pasrwere used at 35 weeK¥able6-2 describes the

clinical demographics of the MCDA, DCDA twins and singleton infants.
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MCDA twins  DCDA twins Singletons

(n=8) (n=12) (n=16)
Gestational Age (weeks) median (IQR) 30.6 (27.8t31.3) 30.3(29.1t31) 30.5 (27.9t31.3)
Birth weight (g) median (IQR) 1285 (948t 1650) 1635 (1368t1775) 1430 (1148t1548)
Gender (Male) n (%) 6 (75) 8 (67) 9 (56)
5-min Apgar score median (IQR) 9 (8t9.5) 9(9t9.8) 9 (7.25t9)
First pH median (IQR) 7.22 (7.16t7.25) 7.19 (7.17t7.22) 7.24 (7.16t7.33)
CRIB Il score median (IQR) 3.5(2.5t8.25) 3.5(2.25t5) 4.5 (2t8)
Infants on Morphine n (%) 2 (25) 1(8) 3(19)
Individuals with IVH Il n (%) 1(12) 5 (42) 5(31)

TABLB-2 CLINICAL DEMOGRAPKIE®CDA, DCDA TWINS AND SINGLERENEBCDA,
monochorioniediamniotic; DCDA, dichorionitamniotic; IUGR, intrauterine growth restriction; |[VH

intraventricular haemorrhage.

6.3.2. Visual EEG Analysis

It was evident that some mild abnormalities in cyclicity, IBI and bursts occurred in four of the
six infants that had mildRJS abnormality (IVHII). Deformed waveforms (Figuéel) were
common fedures that appeared in the simnfants with mild IVH injury, although these
waveforms were also occasionally evident in infants with norrRalE Specifically, however,

at 35 weeks, deformed waveforms were only evident in infants with grade I/lIDetdimed
waveforms are regarded asgh amplitude delta brush activity with spiky, cogwhebbped

appearance that lack smoothness.

195



Figure6-1 Synchronised EEG of MCDA twin pai(30+0 week GA) at 13 hours ade. Evidence of

deformed waves maximally over the right hemisphere in both twins.

Table6-3 shows no difference in correlation values between twin pairs andnagfehed
singleton pairs for the three timpoints @ >0.05 for all). Strongvalues(r >0.5) are evident

in both the twins and the singletons at all tinp@ints.

Twins Median Singletons Median p-value?
Correlation (IQR) Correlation(IQR)
Early  0.72(0.58t0.78) 0.79 (0.64t0.83) 0.386
32wks  0.83(0.83t0.83) 0.69 (0.64t0.94) 0.397
35wks  0.83(0.69t0.83) 0.83 (0.74t0.87) 0.180

TABLB-3 CORRELATION VALUES BETWEEN TWIN AND SINGLETON PAIRS
a= Wilcoxon Signed Ranked Test

Table6-4 provides the correlation results within eachitwpair. Strong-values (>0.5) are
evident in all twin pairs for all timpoints. We found no statistical significant difference

between the MCDA and DCDA groups at each-paiat (p = 0.670t 1.00).
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GA IVH (Grade) Early 32 weeks 35 weeks

Twin pairs r r r

MCDA 1 27+0 One infant (I1) 0.51 1.00 0.83

MCDA 2 30+0 0.57 0.56 0.69

MCDA 3 31+2 0.87 0.83 0.83

MCDA 4 31+1 0.73 0.83 0.83

MCDA twins t 0.65 0.83 0.83
Median (IQR) (0.5510.76) (0.76t0.87) (0.7910.83)
Twin pairs r r r

DCDA1 26+1 Both infants (Il) 0.83 NA 1.00

DCDA 2 31+0 Both infants (I)  0.60 0.83 NA

DCDA 3 30+2 One infant (Il) 0.53 0.83 0.83

DCDA 4 31+6 0.79 0.83 NA
DCDAS5 30+2 0.78 0.83 0.69

DCDA 6 29+1 0.72 0.83 0.69

DCDA twins t 0.75 0.83 0.76
Median (IQR) (0.63t0.78) (0.8310.83) (0.691t0.87)
p-value2 0.670 1.00 0.874

TABLEB-4 CORRELATION VALUES OF WITHIN THE TWIN PAIRS AT THREE DIFFEREIST TIME
Key: r, correlation values; MCDA, monochorigmmniotic; DCDA, dichorion@iamniotic; NA
indicates missing data.

a= MannWhitney U test

Three of the four twin pairs, Wi mild QRUS abnormalities have three of the lowestalues
at the early timepoint. These low values are only evident at thelgeecording and increased
by 32 and 35 weeks. The fourth twin pair with mild IVH had the higheslues, with both

individuals showing the same brain injury grade.

6.3.3. Mathematical EEG analysis within twin pairs

Table6-5 providesadjustedICCs for all #a twins,the MCDA and DCDA types separately and

also the singletons for all mathematical features at the three different tpoats. Table6-6
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providesunadjustedICCs focomparison purpose®djusting for GA decreased the majority

of ICCs at the earlyme-point. Fa the twins, five significant (>0.6 wif0.05) ICC values are
evident at the early timgoint, four at 32 weeks, and seven at 35 weeks after adjusting for
GA. Eight significant ICCs are evident in the discontinuity category, six in theqaiegury,

and two in the symmetry category. For the control singleton analysis, we found no significant

EEIXifi YE /| GiXoe / o (3§ E ips3]vP (JE ' X
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Adjusted ICC values

Feature Quantitative | Freq All Twins MCDA DCDA All Singletons
Category Featre Band| Early 32w 35w Early 32w 35w Early 32w 35w Early 32w 35w
Absolute 1 0.43 - - 0.45 - - 0.40 - - 0.25 - -
Spectral 2 0.51 0.60 0.61* | 0.88* 0.77* 0.75* | 0.25 - - - - -
Power 3 0.39 0.74* 0.75* | 0.80* - 0.90* | 0.22 0.79* - - - -
4 - 0.68* - 0.39 - 0.76* - - - 0.43 - -
1. Relative 1 0.28 - - 0.44 - - - - - 0.48 - -
Power Spectral 2 0.29 - - 0.52 - - - - - 0.37 - -
Power 3 0.43 0.75* - - - - 0.27 - - 0.29 - -
4 0.48 0.76* - 0.43 - - 0.29 0.73* - 0.34 - -
Amplitude 1 0.43 - - 0.76* - - - - - - - -
Skewness | 2 0.30 - 0.59 | 0.61* 0.81* 0.76* - - - - - -
3 0.65* 056 0.71* | 0.83* 0.93* 0.89* ]| 0.24 - - - - -
4 0.69* - - 0.81* - - 0.22 - - - - -
2. Discontinuity] Amplitude | 1 0.62* - - 0.90* - - - - - - - -
Kurtosis 2 0.62* - 0.71* ] 0.85* 0.93* 0.81* | 0.23 - - - - -
3 0.60 - - 0.83* 0.88* 0.76* - - - - - -
4 0.61* - - 0.77* - - - - - - - -
IBI Length (median)] 0.59 0.55 0.70* | 0.76* 0.83* - 0.32 - - - - -
Burst Percentage 0.57 - - 0.66* - - - - - - - -
Hemigphere | 1 0.14 - 0.79* - - 0.86* - - - - - -
3. Coherence |2 0.50 - 0.84* | 0.74* - 0.96* - - - - - -
Symmetry 3 0.53 - - 0.79* - 0.96* - - - - - -
4 0.47 - - 0.72* - - 0.22 - - - - -

16 significant ICCs 31 significant ICCs 2 significant ICCs 0 significant ICCs (>0.6
Number of significant ICCs from 13 features from 17 features from 2 features with p <0.05)
(>0.6 withp <0.05) (>0.6withp <0.05) (>0.6 withp <0.05)

TABLB-5 ADJUSTED FOR ABERACLASSORRELKIN (ICC) VALUES OF ALL TWIN INFANTS, MCDA INFANTS, DCDA INFANTS AND CONTROL SINGLET
AT THE EARLY, 32 WEEK AND 35 WEERQINTEHighlighted (bold and asterisk) values if ICC is significant and substantial (i.e. >p<®a0%). Non-
significantvaop ¢« ~% HiXifie @& }u]38 X v 0Ce]e }v3E}oe (JE P 3 8]}vo PV pv ipued A o * ]V *u% %0 u
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Unadjusted ICC values

Feature Quantitative | Freq All Twins MCDA DCDA All Singletons
Category Feature Band | Farly 32w 35w |Early 32w 35w |Eary 32w 35w |Early 32w 35w
Absolute 1 062 - h 0.63 - a 060 - a 022 083 -

Spectral Power| 067 056 058| 08 075 - 050 - - - - -

3 040 071 073|078 - 086 | 016 o081 - 016 - -

L | 4 005 065 - 029 - ; ; 072 - 055 - -
Relatie 1 031 - ; 034 - ] 027 - ; 043 - -

Spectral Power| 026 - ; 050 - ; 020 - ; 035 - -

3 062 073 - ; . ; 069 081 - 029 - ;

4 074 077 - 062 - ; 075 083 - 062 - -

Amplitude 1 0.66 - ) 079 - a 055 - - - - -

Skewness | 5 064 - 054 | 072 - ; 059 - - - - -

3 078 - 067 | 085 090 o084]| 071 - ; 017 - .

2. Discontinuity 4 0.80 - _ 0.84 _ _ 0.73 - - - - -
Amplitude 1 071 - ] 088 - ; 0.48 - - - - -

Kurtosis 2 076 - 067 | 087 090 073] 062 ; ; 023 - -

3 073 - - 086 083 - 053 - - - - -

4 071 - . 077 - . 055 - . . - ;

IBI Length (median) 059 051 067 | 072 o080 - 030 - 078 | - - -

Burst Percentage 0.56 ) ) 0.57 _ _ 0.18 _ _ _ _ _

. Hemisphere 1 010 - 077 | - - 081 | - - 076 | - - -
Symmetry 2 055 - 084 | 066 - 094 | 039 - ; 032 - -
3 062 - ; 074 - 094 | 049 - ; 036 - .

4 047 - ; 0.63 - 056 | 023 - - - - -

TABLB-6 UNADJUSTED FOR AGE INCIRSS CORRELATION (ICC) VALUESVBINANEANTS, MCDA INFANTS, DCDA INFANTS AND CONTROL
SINGLETOMS THE EARLY, 32 WEEK AND BKWIMIEPOINTSNon s JPVv](] Vv& A op » ~%HiXifis+ & }u]ds X
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The MCDA twins had 31/66 significant correlations (ICCp8605) for 17 features across all
feature groups: 17 almost perfect (>0.8) correlations and 14 substapiab) correlations
(see Table ). Incontrast, the DCDA group had only 2/66 significant correlations (ICC>0.6;
p<0.05), with both being substantilCCslor the MCDA twins, three features (spectral power
at 3 t 8 Hz, skewness at 815 Hz, and kurtosis at 815 Hz) had significant ICCs otes
course of all three timgooints. No features for the DCDA group had significant ICCs over all

three time-points.

For the discontinuity features in the MCDA group, there were 19/30 significant correlations
(12 almost perfect and seven substantial)a@ss all timepoints: all 10/10 at the early time
point and 9/20 for the later timgooints. Half (6/12) of thespectral power measures had
significant correlations, but not in the delta (@Z®Hz) range; no significant correlations were
found for relative pectral power at any of the timgpoints. The highest ICCs (0.96) were found
in the interhemisphere coherenceneasures at the35week time-point in the middle

frequency range 815 Hz.

6.4.Discussion

Our findings confirm that preterm twins exhibit EEG codemice during the early neonatal
period in the NICU, suggesting a strong genetic influence on the EEG frearlprage.
Mathematical EEG analysis shows substantial/almost perfect ICCs between the twin pairs,
particularly in MCDA twins, that are difficuti tdentify with visual interpretation of the EEG.
Significant correlation (ICC>0.6 wk0.05) was found iall mathematical feature groups of
the MCDA twins, and in most featuraes relative spectral power being the only exception.
The frequency bandst8 and 8t15 Hz had more significant correlations compared to other
frequency bands for the MCDA twins; whiletearly {2-hour postnatal age) timgooint had
more significant correlations compared to the other two tipeints. Significant but fewer
(two in total) correlations were evident in the DCDA twins, thus implying that hereditability
of EEG characteristiga DCDA twins is not as strong as MCDA twihkese differences
suggest thathe significant ICCs in tableSdor all twins is likely due to thmfluence of EEG
concordance of MCDA twins, with little to no contribution from the DCDA tvivigh no
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obvious visual correlation between the EEG twin pairs, and without a formal structure to
assess this correlation we had no means to quantify this gityilarhis study therefore
supports the demand for mathematical algorithms to compliment continuous EEGIiager
in the NICU by providing strong results that are difficult to identify through visual

interpretation. These algorithms could be of prognostitue in the near futur¢443)

Many features of preterm EEG are dependent on GA, there&mljesting for age was
important (439) Adjusting for age in the early tinmoint accounted for the varied GAs
between the pairs, while adjusting for age 32 and 35 weeks accounted for any potential
difference in exutero maturation. Adjusting for age decress the ICCs at the early time
point but not at 32 and 35 weeks, suggesting that the ICCs were affected more by the
variability of the GA in the earlyme-point. Differences between intraand extrauterine
development may not be as influential on EEG dea$ as differences in GA, as demonstrated
by previous worK444, 445)

In the MCDA twig, features withifrequency bands 2 and 3 (88 Hz and 8t 15Hz) had the
most almost perfect ICCs (13/30) compared to 3/30 for the other two frequency bands.
Artefact such as respiration occurs in the delta (0.5 Hz) frequency range and could be a
reason for the lack bcorrelation in this band. Lack of delta frequency correlation was also
evident in a recent study that examined ICC delta powermionozygotic(M2) and
dizygotic (D2 twins during maturation over the first 3 months of life. Although MZ twins
showed highecorrelations in the higher delta frequencies (2.8.75 Hz), these results were
not statistically significan{446) As previously reported in twin studies of olderldren,
weaker correlation for this band isisurprising as many physiological artefacts such as sweat
sway and eyanovement occur at this frequency and could distort estimation of the features
(430, 431) Our rudinentary artefact removal procedure, applieghen estimating the
features, is unlikely to eliminate these more subtle artefdd6) Furthermore, factors such

as epileptiform activity and environmental effects can influence delta waveforms. Common
ictal electrographic epileptirm patterns and post ictal patterns are stafrequently within

the delta frequency rang€29) Additionally, a study by Weelet al. discovered a significant
relation betw v $Z o} 3]}v }( *0}A E v 8§Z ]Jv( vs8[e Z %o }
suggesting that slower patterns could be head position artefé328)

202



Symmetry analysis, as measured by iftemispheric coherence, wagshg at both the early

and 35-weektime-point, however the intethemispheric coherence ICC values at 32 weeks
were zero suggesting that physiological changes had a large impale antér-hemispheric
coherence between 32 and 35 weeks. During this periadknow that the brain is developing
rapidly with the disappearance of the subplate zone at 34 weeks and decreased contralateral
thalamo-cortical projectiong447) Geneticallylinked neuronamigration and synagenesis
occurs during this perio§448) which could influence similar EEG patterns in MCDA twins
(187) The early timepoint provided the largest number of statistically significant ICCs,
especially in the discontinuity categgrhowever this decreased by 32 and 35 weeks. This
could be due to the influencefahe environment, which is known to impact neuronal
connectivity (449) Another study reported how exposure to stressful factorschsuas
intubation, is associated with decreased brain width in the frontal and parietal lobes, altered
functional connectivity in the temporal lobe and altered diffusineasures of the braif234)

We did not seeignificant ICCs for the temporal organisation feature category at 35 weeks,
however this was to be expected, with the EEG becoming more continuous by 34 weeks and

IBI decreasing in duration.

No significant correlations >0.6 weeseen in the agenatched sngleton pairs, and limited
amount of significant correlations were seen in the DCDA twins, while all four feature
categories within the MCDA twins showed numerous, significant correlations. This supports
the understanding that gnetics and identical twinig is a significant factor for background
EEQ428, 429, 434, 450)

Visual analysis shad strong (>0.5) correlations within the twin pairs at all tants,
however we also found strong correlations in the agatched singleton pairs. We found no
difference between the within twingair correlations and withisingletons pair correlations

at all time-points. Strong correlations were also evident between the MCDA and DCDA twin
types, with no difference between ¢hearly,32- and 35weektime-points ¢ =1.00, 1.00 and
0.874, respectively). This suggests that these strong correlations mightldted to age
similarity rather than the actual twining, with presence of preterm EEG features dependent

on GA(175) Visualmterpretation can identify short duration, transient or subtle waveforms,
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which cannot be identified in quantitative analysis such as abnormal delta brushes. We accept
that the EE@ssessment schemmay not be ensitive enough for twin comparison in preter
infants. As theassessment schem&as originally designed for grading abnormality, it may
not be sensitive enough to uncover subtle characteristic differences within normal EEGs.
Normal EEGs might influenceetiesulting comparisons, where the lower calation could

be influenced by the proportion of norm&b-abnormal features in th@assessment scheme
Although the system might not be completely suited to this particular study, it does consider

all known preerm EEG features.

We found that within twin EEG similarities could be disrupted by structural brain
abnormalities; as deformed waveforms occurred in 71% of the EEG epochs where an IVH
grade one or two was present. Our results showed that three of the lfmuest correlations
during the early timepoint were from three twin pairs where either one or both infants had

an IVH. A previous study reported that disorganised and dysmature patterns of the EEG can
occur in infants with IVH, at a reported rate of 18fa 39% respective(280) The abnormal
waves feature sufzategory (as illustrate iRigure 52, pagel70) showed the most variability
within the twin pairs, with deformed waves a prominent feature that diffeesghecially when

any QRUS brain abnormality was evident. By tB&week time-point, the only infants with

evidence of deformed waveforms were infants with evidence of IVH.

Early brain development is directly and heavily influenced by genetic factory. litarh
function and development such as neuronal connectivity, nearigration, synaptogenesis
and apoptosis are dependent on specific epigenetic gene regulation, through DNA
methylation and histone modification$225) These genetic influences lead to unique
neuronal connectivity and brain functiodevelopments, which will consequently differ
between infants(228) A major site of neuronal connectivity and synaptic interaction is the
subplate zone, where thalamoortical and corticecortical connections are processethe
development of thalamecortical and corticecortical connectionstrongly influence the EEG
activity that can be recorded from the cerebral cor{@87, 447) As brain structures mature,

the EEG will consequéy develop and mature. Therefore, genetic factors indirectly influence

the EEG due to its role in brain development. MCDA twins share all genetic interactions
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between alleles within and across genesiil& norridentical twins share less than h§49),

suggesting that neuronal connectivity in identical twins would be similar.

This is the first study to examine withiwin pair and betweerwin group differences in th

EEGs of preterm twins < 32 weeks GA, at thddkerent time-points within the postnatal
period. Consequently, it is difficult to directly compare our results to previous studies. One
study by Vucinovic et al. examined sleep EEGs from 60 healthytemeatwins and reported

higher values of ICCs f&EG power in MCDA twins compared to DCDA twins in the first 3
months of life(434) No statisical difference was evident between the two 8 of twin
groups in the absolute difference of EEG spectral power, however higher ICCs were evident
in the alpha and beta frequencies in the MCDA twins. The delta frequency was recognised as
the greatest mearabsolute difference within the twin pairs artdiin groups(434) In our

study, we have shown most substantial correlations in the frequemaigging from 3t 15 Hz

with the smallest corriations in the delta frequency range. We studied a different population

of infants, at much earlier timpoints, generated a comprehensive set of mathematical
features to compliment spectral power analysis offrer key difference between the studies

was that we investigated chorionicity/amnionicity, while Vucinovic et al. investigated
zygosity. Although zygosity truly reflects genetic identity, we were not able to determine
zygosity in our investigation due the inability to explore DNA analysis of fetaémbranes

and placenta. Blood types, HLA typing, and the examinations of the placentas after delivery
have been used to determine twin zygosi@51) howewer this information cannot be
collected at the early timgoints that we explored during this study, therefore chorionicity

was the best alternative marker of zygosity.

It was difficult to control for influeces such as infant handling, however duringnng of

the early EEG, we selected only segments of good quality EEG with limited artefact. Sleep
staging was not controlled for as our aim was to identify tilmeked and synchronous EEG
similarities within he twin pairs, ensuring that the twin pairs vein the same sleep state

was difficult. Different sleep states could affect analysis, however as we useldawdong
epochs, it allowed enough time to capture state change in each epoch. During visualsnaly
sleep states were considered in the cyitjiccategory in the temporal organisation sub

category of the assessment criteria (degure 52, pagel70).
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This study adds to our understanding of EEG in afsffipopulation. Preterm brain injury is

a dgnificant problem, especially in preterm twini is therefore important to improve our
understanding of brain development to improve our understanding of preterm twins during
this vulnerable period. The main limitation is sample size. Twins represenath proportion

of the preterm population aneéxcluding infants with IVH IlI/IV, cPVL and IUGR reduced this
sample size further. Thus, collecting 10 preterm twin pairs <32 weeks represents recruitment
over a 13month period in a tertiary hospital, with Bdpreterm infants admitted to the NICU.
We mised a twin pair recording at 32 weeks as one twin was too unstable for a recording, in
addition to two twin pair recordings and six singleton infant pairings at 35 weeks, due to early
discharge. However, we maged to include 36 infants with normaRdS findings into this
study. To ensure the validity of our method® additionally implemented a surrogatiata
approach to eliminate noignificant ICC values for this sample skemulticentre study
could be auture solution for the small population, howew this was beyond the scope for
this research. The main strength of this study is that we comprehensively analysed the EEG
with mathematical methods. In addition, we used long duration, multichannel vi&6
monitoring within the early postnatal perioand repeat recordings to continuously monitor
cerebral function in twin preterm infant$Specificallyfor the MCDA and DCDA comparison,
the twin pairs had synchronous EEG monitoring, to understand if ankagtmas were evident
within twin pairs, ensung no diurnal differences and that the twins were the same age.
Furthermore, this is the first study, to our knowledge, that compares twin EEG monitoring in
this vulnerable population at three different perisaf the NICU stay, assessing the extent of

maturation similarities.

In conclusion, this is the first study to report the influence of twinning on the preterm EEG
and highlights the added value of mathematical analysis. The EEGs of MCDA twins show many
more similarities than DCDA twins, suggestingtrang genetic influence during this early
stage of development. Preterm brain injury remains a significant problem, especially in
preterm twins, it is therefore important to improve our understanding of @ren brain

development during the early postndtperiod.
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Chapter 7. Can EEG accurately predict2ar

neurodevelopmental outcome for preterm infants?

Part published as:
Can EEG accurately prediey@ar neurodevelopmental outcome for preterimfants?_

Lloyd RQO'Toole JM, Pavlidis E, LivingstonEilan PM, Boylan GB.

(Submitted to Archives of Disease in Childhood (04/07/2020).
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7.1.Introduction

Although the survival rate for preterm infants has improved in recent decades, they still
continue to be at high risk of neurodevelopmental de(@%2) Specifically, preterm infants
<32 weekgyestational ageGA) are at an increased risk oérebral palsyCP) ad other
problemscompared tomore mature infantg423, 453) Theprevalene of CPincreases with
decreasing & 6.9% at 24 26 GA, 4.2% at 2731 GA and 1.0% at 3234 GA(452) Social
and emotional disorders such as depression, autismadtehtion deficit hyperactivity
disorder are also well describgd54-456), with preterm infants displaying more

disorganised behaviours compared to ftdirm infants(457, 458)

Accurate recognition of fants at increased risk of abnormal neurodevelopment is
challenging during the early neonatal peridgly providing additional physiological
information, like cerebralfunction, infants may benefit frorearly interventionjnfluendng
positiveoutcomes (459) Immaturity at birth means that very preterm infants will stay in the
NICUuntil they have achieved several milestongsludingappropriateweight gain,
temperature stability and until they have outgrown apneasl bradycardias. This means
that infants may spend many months in the NICU before being discharged home. Wiihin t
period, thdr condition and developmernit the NICltan be monitoredbut providing

parents with an accurate prediction of outcome is liaging

Continuous EEG monitoring is used to evaluaieebralfunction (174, 175, 194, 409, 460)
including the detection of seizurg¢821, 379, 395, 461 ertain chareteristics of the EEG
are more predictive of eitbr a normal or abnormal outcom@94, 277) Revious studies
have shown that early grading of the E@83, 307, 309, 328ndaEE&an predictdong
term neurodevelopmental outcomg66, 303, 314816, 341, 462)HayashKuriashi et al.
analysed serials EEGs from preterm infants below 33 weeks GA at < day &, hand
day 20t 36, to predict outcome at 12/18 month@93) Results showed how abnormal
activity from serial recordings in the first month of life predicted adverse outc(#88)
Perivieret al. used serial EEG to prediey@ar outcome during the first week after birth
(309) The EEG showed good specifici¥%), but poor sensitivityle%) for the prediction
of 2-year neurodevelopmental outcome.
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In this current study, we used aredully described and detailealssessmenschemeto

analyse the EEG at three differenttin¥®@ }]vSe WHE]VvP Stdyinjth¢ NI€W[ starting

soon after birth. In contrast to previous studies, the initial recordingie@nced on day one

of life and coninued over the first Postnataldays, whileother studies recorded at any

time during the first week of life. In this study, we selected hourly tpoets foranalysigo
ensure a comparable pasatalage.This study ans to establish whether serial midhannel
video- EEG in the very preterm infant (<32 weeks GA), beginning on the first postnatal day,

has a role in the prediction of outcome at 2 years of age.

7.2.Methods

7.2.1. Participants
This was a prospective, observationaidy performed between March 2013 April 2014 in
the NICU of Cork University MatetynHospital. As seen in Figurel2n chapter 2all infants
were from cohort 2 and were <32 weet\ Infants with known congenitalnomalies were
excluded Infants wereincluded in the study if they hagarly,continuous multichannel EEG
monitoring. Ethical approval was granted by the Clinical Research Ethics Committee of the

Cork Teaching Hospitals, Ireland. Written informed paaknbnsent was obtained.

The followingclinical datawas collectedGA BW, Apgar score at 1 and 5 min, CRIB Il score,
initial pH, gender, major morbidities during neonatal course (such as IVH, PVL, sepsis, NEC,

CLDand ROPR and medication during neonatal course.

7.2.2. Demographic and clinical da
Demographics and clinical details for all infants were collected from the medical notes and
the Badger electronic database discharge summary document. Information regarding
medication use was also obta@nl. AEDs A E uljv]es & S SZ retign.]JTheve[ |-
timing of administration was recorded, along with the administrations of other drugs such

as morphing(120)and surfactant.
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7.2.3. EEQRecording
Three EEG machines were used during the study periodNiteetOne; "eCeS U
(CareFusion Co., San Diego, USA)Nihen Kohden, EE®&200, Neurofax,Tokyq Japar)
and the Moberg ICU Solutions, GR® EEG and Multimodal Monitor,
(Ambler,Pennsylvania)cEG application was performed as soon as possible after birth whe
the infant was stable, following consultation with the clinical and nursing staff. Dagpe®s
Ambu Neuroline 700 Single Patient Surface Electrada® applied to the scalp, using a
modified neonatal version of the international 10/20 system (see chapieagesl09-123

for further details).

EEGs were recorded at 3 tirpeints (EEQ, EE&2 and EE&5) over the neonatal course,

as previously described in chapter 2. EE@as a continuous, loAagrm recording acquired

as soon as possible after birth andntinued until approximately 72 hours of agevo-hour
epochs of EEG were extracted aifferent time-points (12, 24, 48 and 72 hours of age) to
capture postnatal changdd63) Most recordings inladed all epochs, however situations
such as late application of the EEG, instabditthe infant, or poor EEG quality meant that
some epochs were missing. Several periods during the early postnatal period were selected
in order to capture EEG maturatiahchanges occurring over the course of three days. The
EEGL grade was based on theost abnormal grade selected from the-48ur and72-hour
epochs. This was to account for situations when the EEG was initially abnormal, however
improved by day 2 and ¥ age. Additionally,for comparison purposes, EB@rade was

also analysed baseddhe most abnormal grade from all 4 epocfitie whole recording

was assessed for seizures, previously described in chapterafid the background activity

of the epochsvere gradedEEG32 and EE@5 were shorter (24 hours) recordings at 32
weeks GA aih 35 weeks GA, respectivelyable7-1 illustrates the epochs that were visually

analysed at each timpoint.

EEG timepoints | Pruned 2hour epochs for analysis

EEGL 12 hours, 24 hours, 48 hours, 72 hourg
EEG32 32 weeks GA
EE&35 35 weeks GA

TABLE-1 TABLE ILLUSTRATING THE EPOCHS USED TO FOR EACH EEG PERIODS
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