™en

“Yahweh your healer” Exodus 15v26






The Australian Cerebral Palsy Research Study — Epidemiological and

Genetic Associations with Cerebral Palsy

Michael E. O’Callaghan B.Sc. (Hons.)

Thesis submitted for the degree of

Doctor of Philosophy

School of Paediatrics and Reproductive Health, Discipline of Obstetrics and Gynaecology

The University of Adelaide

Submitted March 2011






Table of Contents

AABSTRACT ..teeteeeieeierteeeeeeseenr et eeeeeesasaer e et e eeesesa s s e r et eeesesaaaner e eeeesesanne s e e e teeesaann s e e e eeeeseannraneeeeeeesannnnneeeeeesaannnnee IX
STATEMENT OF DECLARATION .....ettttteteseunrenteeeesesausreneeeeesesaumnnreteeesesamnnrenetesesasannreneeeeeseannraneeeeesesansnnneeeesesannnnnnee Xl
ACKNOWLEDGEMENTS ... e s s s e s s e s s e s e e s s e s e s e s e s e s e s e s e sasasasasasesesssnsnss

PUBLICATIONS ARISING FROM THIS THESIS...
PUBLICATIONS SUBMITTED OR IN PREPARATION

PUBLICATIONS RELATING TO THIS STUDY BUT NOT INCLUDED IN THIS THESIS .cteieieieieieieieieee e e eeee e ee e e ee e eeeeeeseeeeeeeee e XIX
CONFERENCE ABSTRACTS ..uutttttteeesesanrereeetesssaunereneeesssasannnereeeeesesannnareeeeesesannnranetesssaannssanneeeesesannnnneeeesssannnnnnne XXI
AABBREVIATIONS ... ettteeteeeeeeintreeteeessesmsneneeeeese s snn s et e eese s annr e e e eeeeseann s e e e eeeesesansseneeeeeeesannneneeeeesesannnreneeeeesanans XXIn
GLOSSARY .iiiiitteeeeee s ettt e e e s e s b e et e e e e e s n e et e e e e e s e e ranete e e ee e neraE et e e e ee e R e ren et et e e e a s R eneteeeeenannnreneeeeeseannrnee XXIV

CHAPTER1  SYSTEMATIC LITERATURE REVIEW

STATEMENT OF AUTHORSHIP ... eeettiiteitieeettteeettteeeetteeeeateesstaeessanneessnnesssaeesssnssssnnserssneessnneesssnneessnnsesssnneesnnnnns
Y1 o1 1 ot SO U U UUPPTROE
L v oo [V ot 4 Lo s OO UU PR
1Y L2 g Lo o PRSPPI
Results
SNPs associated with thrombophilic genes
SNPs associated With the APOE ENE ...c...eeiuiiiiiieriieiiierie ettt sit ettt et e st e b e sbeesaaesbeesaneesneesnneenanenas
SNPs associated With CYtOKING ENES ...c...evuiiiiieie ettt sra e s e st e sne e sreenane e
(011 o 1T ) Y PSP OTUPTOPPRROt
Conclusions AN fULUIE QIFECLIONS ..........cccuueeeeiieeeeeiieeeeeee e ecte e e ettt e e ettt e e et tae e e s stseaessassaaesasesesesseseesses
W Yoo 1 gl | I 014 L) -SSR
CHAPTER2  STUDY PROTOCOL AND HYPOTHESES .......ccceceeiimmeiiinnniiinneisinneisinnsssiensssimnssrssssssmsnsss 79
STATEMENT OF AUTHORSHIP .. vvuueeteeeeeittiieeeeeeetttuuaeseeeserssenesaseeereeasaanaseessesssnsnseseeenssssnnnseeesenssnnnsesesessnssnnseesessnnes 81
Y Y X Loy SO PP PSP PP UPPOPPI 85
INEFOGUCTION ...ttt ettt et sttt et e st e e st e et e e st e et e e st e ebeaenseeennes 86
HYPOLNESIS UNAEI TEST.....eeveeeeee ettt ettt e e e ettt e e e e ettt e e e e e s ataa s e e e e eesstsssasaaaessssssssanasaanan 88
PrIMANY @IMS <.ttt e et e e et e e e ae e e e s bt e e e e bt e e e a bt e e sbb e e e e bt e e e abeeeeaabeeeenreeeannneean 88
Y=Yl Vo E T VA 112 TSRS 88
1Y L2 g Lo o KPP OU P PPPPPN 89
] 0o Vo T 1= o TP PSPURPN 89
SAMPIE SIZE CAICUIATION .ttt ettt et e bt e it e s beesab e e beesabeenbeesateenanenas 89
(6= =3P OPPPPUTRN
Controls.................
Ethics approval
Data integrity ........
[CT=T =] Aol - - PSPPSR
[ oY e [<T g T ] Fo ={Tor=1 e F1 - SR 98
Perinatal outcomes statistics unit (POSU) data liNKage .......c.cocveeiieeiiiieieciiece ettt 103
Cerebral palsy register data lINKAZE........couiiiiiiiiiiiii et e st e e st e e e s baee e sbaeaesstaeeenes 108
1 1o ) S 109
Lo L= o L= o T ]SSRt 109
R] = F A1y Tor= Y Iy =] oo Yo S 109
THMIBIINE ...ttt ettt ettt ettt e st ettt e at e et et e et e bt e et e bt e et e e naneenaes 111
SUMIMQEY oottt ettt e st s et et e se s e s e seseae s esesenesasesenesesenenenenenennnens 111
CHAPTER3  COHORT DEMOGRAPHICS.......ccccottmuiiimmniiinmniiinmniiimmmiimsmiimssssimsssimssssimsssrmsssssssnssss 113
Y Y X Lo S PSPPI PPN 115
Inclusion exclusion criteria for data ANAIYSIS.............cccccuueeeieeeeeeeiiiieee et eeetcceea e e e e e esiaeaaaaa e 118
(000] o) g e [=XTol ¢ 11 (o] ¢ LRSS 120
DiSEIIDULION DY STATE ..eeiueieeeiiesie sttt e st e s te et eeaeessee e teesseeeseesseeessaeenseenseeensaesneeeseennen 120
Source of cohort recruitment ... ....122
Birth YEAr Of CONOIT...c..iiiiiciiie ettt e et e e b e e e s bt e e e s abbeeeeabaeesbteesensbeeesabeeaansseeeannnes 124



Gender distribution ..................
Gestational age distribution

Birth Weight distribULION .....cooieiiie ettt e e st e e e s bbeeenabaee s
APEAr SCOTE AISEIIDULION L.eiiiiiiiiiiiiii ettt s e et e e s bt e e e s bb e e s sabeeesbteeesabeeeesasaeesnsseeesans
[ L LY L1 {1 o Uk To ] A PR P PP
Maternal age diStriDULION .....c.viiiiiee e e et e et e e e s ba e e e abae e eabeeeebaeeensreeens
Type of deliVery distribULION ........ccui e et e s e et e ssae e teeenseenseesnnes 136
Birth weight centile distribULION .......oooiiiii e et 139
AssessmMent Of CONLIOI CONOI DIQS.........cccuueeeeeiieeeeiiieeeeee et eett et se e e sae e s siae e ssaseaeens ...141
[CT=T oo =T OO OO SRUSRPRUPPROPPRRIOt 142
(C1I = LA [o Lo F= LI =L USSP PRPUPPRRRPPPRRRt 144
BIFtN WEISNT ..ttt sttt e e et e e s bt e e s s bt e e e abe e e s ab e e e e bee e e abeeeeaabeeeebtaeenntaeens 146
FAY o] ==Y g olo TP PRSP RRRUPPPPPPON 148
[ [T 1Y PSPPSR UPPPR 150
LY Y10 | B - P PRSPPI 151
TYPE OF AEIIVETY ..ttt e e e b e e e s b e e e e abeeesabeeesabeeeesbaeeasseeeesbeeesseeeaassaeeas 153
ASSESSMENt Of COSE CONOIE DIQS ......coeeeeneieieeieeeet ettt ettt 155
[CT= g Lo [T oSO RPTRUPPOPPPRRRE 156
(C1I = LA [o Lo F= LI =L RSP SUPRUUPURRRPUPRRRRE 156
Birth weight ......
Plurality..........
Maternal age
Cerebral PalSy SUDTYPE ..ot et sar e e neeereennee 164
GMFCS (gross motor function classification system) [@VEl ..........cccuviiiiiiiiiiiii e 166
Quality control Of GENOLYPE AALA .....cc..eevveeecieeiiieeieesieesitescttes e sttt st steesste e s staesseesbaesseessteessesens 168
LAY =T 0o 1= LT =T o T PSPPSR 168
INAIVIAUAI SAMPIE FAIIS ..ot sttt e sr e st e st e b e saneebeesaneeneesanees 170
SINP @SSAY FaIlS . .uteiutieittetee ettt ettt s e et s e e st b e st e e hn e e b e nhbe e b e e san e e neeenreennnenas 171
Hardy Weinberg eqUIlIDIriUM ..ot e e et e e e eab e e e e ta e e et ae e eabeeesnbaeeennaeeeas 173
Quality control of QUESTIONNAITE data........cccciiiiiiiiieciiiec e et be e e e rta e e e e rr e e seabeeeenaeeeeennes 176
CONCIUSIONS......eeeeneeeeeee ettt ettt ettt e s e et e s ate e s ate e s bt e s ase e s ateesaseesateesaneesaseanneenas 177
CHAPTER4  GENETIC ASSOCIATION STUDY IN CHILDREN.......cctvuuiiiimmniiinnniininneiininnesnmsnesnnsnsssnsnsss 179
STATEMENT OF AUTHORSHIP .ttt e eeeetttuueseeeeeeeaannuaaeseeeeerananesasesensesnanseseeensssssnnsesesensssnsnnsesesensssnnnesesesennsnnnnnsens 181
Y Y o X 1 o Lot OO T PSRRI PRSPPI 185

PrIMAIY @IMS .ottt bt e e st e s b et e e b b e e s bt e s b e e e e b e e e s b e e e bre e e raee s 190
Y =Tele] g Yo E YoV 1114 T SO OPUPTPPPRN 199
J K Yol VKXY [0 262

PrIMIAIY QM oottt e e e sttt e e e s e bbb e e e e e e s e bbb et e e e s e bbb aaeeeeeaaa b bt ateeeeea bt baaeeeeeeatreaaaes 273
LYYl o TV 113 TSR 281
F K Yol VX [0 332
(00 T 17 o -SSR 335
CHAPTER 6 EPIDEMIOLOGY ....coevvuiiimmnniimmnnicimmnnisnmmnsissmsnssssnsssssssssssssssssssssssssssssnsssssssssssssnssssssnssssss 337
STATEMENT OF AUTHORSHIP
Y 2 X o o ot S
L Ao [V ot 4 Lo ) s OO UUP ST
1Y =3 1 ¢ Lo Yo KU UUU ST
RESUILS ...ttt ettt e e e ettt e e e e e ettt e e e e e s st s e e e e e eeasastsssaaaaeeeaaassseaaaeeeassssssenaaaaaan
Maternal infection dUFiNG Pre8NANCY ...c.c.eiiiiiriiiriiiierte ettt st sb et esbte st e st e sbeesateesbeesabeenseeensees 348



Small for gestational age (Using cUSTOMISEd CENTIIES) .....ecveiiiiiiiieere ettt e sareeanees 350
(C1I = LA To Lo F= LI =TSRSS
LAY IT T o] L= o] o PP UPPTTOPUPROE
Siblings or parents With Cerebral PalSy .........ooo i e
BrE@CN PrESENTATION ..eiiviiiiiieiteiieeite ettt ettt sat e et e st e e bt e st e e bae s s beesaeeeabeesateenbsesabeenbeesnteesaeesabeennee
“Disappearing tWin” 0N UFASOUNG .......cuiiiiiiiiiiiiiiecciie et e et e e s tae e e st e e s ave e e sbaeeesbaeessabaeesnsseeesnnes
L8N oY il o T=T- LN T a T =1 o Yo T T PSSRt
Bleeding at any time iN PrEBNaANCY ... ..o ittt ettt e et e e s be e e s bte e e s bt e e s s beeesntaeeennen
(D] o1 =T PP R R UPPTTOPUPPRROE
Maternal body Mass iNAEX (BIMI) ...c..uiiiiiiieeiiiie ittt ettt e e e e s tae e e stta e e e abeeesbbeeesabaeeesabaeesnssneesnnes
PregnanCy NYPEITENSION . ....ii ittt et ettt e st esbee s beesateebeesbteesbeesabeenbeesntaesaeesnbeennee
Nuchal cord or cord @ntanGIEMENT ......cc..uii i et e e st e st e e s bee e e natae e ennes
Smoking, alcohol consumption and illicit drug use....
ANGEMIA ittt
Maternal hypothyroidism ........ccccceevveiiiiieeciieeennn,
Other risk factors ......cccvecverieecee e
0 KT ol VX [0
Maternal infection dUriNg PregNanCY .....cceeiiieriierieerie ettt e s b e saee s b e sar e e sseesareesanesneennee
Small for gestational age (using customised CENTIIES) .......ccivuiiiiiiiiecee e e 369
(C1I = 1A To Lo b= LI 1= T T USROS
Multiple births .......ccocvervieniieienieeeee
Siblings or parents with cerebral palsy .....
Breech position........ccceevvveeviieeccieeeee,
“Disappearing twin” on ultrasound ....
Use of heat in labour .......ccccceuenee.
Bleeding at any time iN PrE8NaNCY ... .i e ettt ettt sb e s re e sae e e b e saaesbeesaseebeesareesnnesaneennee
(D] o1 =TSP UPPTROPPPROE
Maternal body Mass iNAEX (BIMI) ......uiiieiiiie ettt ettt et e et e e e tte e e eabae e eetbeeesbaeeesasaeeesnbeeeenssneeannes
PregnanCy MY PEITENSION . ....iiiuieiieeie ettt ettt et st e et e st e e bee e teesaaeenbeessteesaeesaseenseeentaesasesneennes
Nuchal cord or cord entangleMENT........coouiiiiriie et sire s e s e b e sreesaresneennee
Smoking, alcohol consumption and illiCit UG USE ......cc.eieieerieriiieeiieee e 373
LAY G ET=T oo 1 T OO PSP U PP PPPTROTI 373
Maternal NYPOTNYIOIAISI ...ieiieiieeie ettt st e e s e e teesaeeeaeesseeesseesnseenseeenseesnsesnseennes 373
(08 V=T o g 3 - ot o S PRRPSRR 374
[Ty a1 =Y o o PO P P PP PR OPPTTOPPPPORE 374
CONCIUSIONS......eeeeeeeseee ettt ettt e et e s e st e st e s ate e st esase e s ateasaseesateenaneesaseenaseenas 375

CHAPTER7  MULTIVARIABLE ANALYSIS ....uuuriiiiiiiiiieiiiiiniinceeniissninssssssssssissssssssssssesssssssssssssseesnnes 377

EpidemiolOZICal data......eeeiieiiierieeiie ettt ettt ettt et st sab e b e s b e ne e et e e nanesreennee 391
[CT=T =] Aol - - PRSPPI 393
LT = Yot o] o -SSP PPP RPN 395
Combined epidemiological and geNetic data.........cccveiiiiiiiiiiiiiie e e 398
AREINALIVE MOUEIS. ...ttt sttt e st e bt e st e e bt e st e e sabeebeesabeeabeesabeesbeesaseenaeennsees 400
DUSCUSSION ..cevveeeeiiiieee ettt e ettt e e e e ettt e e e e s sttt e e e esssassteaaaessssnssteeaasessssassstaasssssssasssseneasesns 408
oY e [<T 0 g Te] Fo =4 Tor=] e F=1 - PSSRt 408
LCT=T o T=T A Tolo - PSRN 408
Interaction of MOTher-Child ENETICS .....c.uiiiiiiiiieiiie et e e e s bb e e ae e e beeeesteeesnnes 409
Interaction of genetic risk factors and iNFECTION ........cuiiiiiiiiiciii e 409
Combined epidemiological and ZENEtIC data......ccuecueecierieeiieee et see e e e eeeeesnaeeas 410

A =T g LY o' YT 1TSS 411

[ 011 =L Lo o L3PPSO PPPURPTTNE 412
(60T 17 o RS 414
CHAPTER 8  GENERAL DISCUSSION ....ccccciiiimiiimmniiimmnniiimmnisimsssssimsssssimsssssimsssssmsssssssssssssssssssssssssssssnssss 415
T g o [V ot o Lo FO USSR 417
Data quality AN At QNAIYSIS.............eeeeeeeeeeieeee ettt ettt e e e e ettt e e e e e e e st a e e e e s e ssaasenaaaeeas 417



8T 1Yo T o] o] [ Ta Lo 1A KSR 418
Child’s genetics...........
Mother’s genetics
Epidemiology .................
MUIEIVAITIADIE QNIAIYSIS ...ttt ettt ettt et e snee e
L A=T g =3 (o 1[0 O
Summary of study limitations
Summary of study strengths ................
Conclusions of this study ....
Future Directions................
Meta-analysis.......cccoveueeeriieeiniiieennen,
Further analyses .......ccccccevveeevcvveeennnenn.
VIFAL STUAIES ..ottt sttt sttt s e s bt e st e e s a e e e abeesht e e bt e sabeesaaesabeesaeeenbeesabeenbeesabeenseesnteenanenns
Alternative 8ENETIC aPPIOACNES ......cccciiii ettt et e e et e e e s ba e e e sabee e e bteeesrabeeesabaeeennteeeanns 429
Bio-banking
Future applications of this r@SEAICN .........eiiiiiiieie e s 431

REFERENCES ....ouueeeiiiiiiiiiiniiitiiiinsseesisessnssssasssssssssssssanssssssssssssssnsssssssssssssssnssssssssssssssnsnssssssssssssnnnnnns 433
APPENDICES .....ccoiiiiiiiniiiiiiiiiininiisiniisessssessisssssssssssssssssssssssessssssssssssssassssssssssssssasssssssssssnssasssssssssnns 451

Appendix 1 Published systematic literature review (CAQPer 1) ..........ccooeeevvveeeescivveeeiineeesvnnnn. 451
Appendix 2 Published study protocol (CRQPLEE 2).........eeecueeeciieeiiesieeeiieeseeesieseeeeiviesseasiseaans 475

viii



Abstract

Introduction

Twenty two mostly small studies have reported associations between cerebral palsy (CP)
and specific single nucleotide polymorphisms (SNPs). These data require prospective
confirmation in a large cohort. Only one study has examined maternal genetic risk factors for CP.
The current large study of mothers and children examines the contributions of genetic and

epidemiological factors to CP and their interactions.

Methods

Caucasian children aged between five and 18 years who were born in Australia were
recruited with their mothers. Results from 587 case pairs and 1,154 control pairs were analysed.
Each mother and child provided DNA using buccal swabs. Multiplex PCR was used to genotype
individuals and 35 specific SNPs were included in the analysis. These candidate SNPs have been
putatively associated with thrombophilia, inflammation and preterm birth. Mothers completed a
health, pregnancy and delivery questionnaire. State perinatal data for each participant provided
further epidemiological data, while CP registers provided cerebral palsy diagnosis data.
Univariable analysis examined each epidemiological and genetic risk factor individually with
Bonferroni correction for multiple testing. Subsequent multivariable analyses were performed
combining risks and examining interactions. Odds ratio (OR) and 95% confidence intervals are

reported.

Results

Univariable analysis of SNP associations with CP did not confirm the majority of
associations reported in the literature after correction for multiple testing. Prothrombin gene
mutation in the child remained associated with hemiplegia in term delivered infants where a
maternal infection during pregnancy was reported (OR 4.52, 1.70-12.03, p=0.059 after Bonferroni

correction). Epidemiological associations with CP included maternal infection during pregnancy



(OR 1.55, 1.26-1.91), small for gestational age (<10th centile, OR 4.35, 2.92-6.48), gestational age
<32 weeks (OR 59.20, 28.87-121.38), multiple birth (OR 6.62, 4.00-10.95), a relative with CP (OR
1.61, 1.12-2.32) and male gender (OR 1.68, 1.38-2.06). latrogenic heat in labour did not increase
the risk of CP. Multivariable analyses of genetic and epidemiological risk factors identified
significant associations of CP with male gender (OR 1.5, 1.1-2.1), reported maternal infection (OR
1.9, 1.2-3.0), a relative with CP (OR 1.8, 1.1-2.9) and maternal carriage of TGF-1-509 (OR 1.3,
1.0-1.6). Subtype analyses showed an increased risk of quadriplegic CP with a family history of CP
(OR 3.27,1.13-9.45). The interaction of maternal TNF-a 308 with infection was inversely related

to CP (OR 0.7, 0.5-0.9).
Discussion

Most SNP associations in the literature were not confirmed by this study, probably
because those studies did not correct for multiple testing. The study confirmed the reported
epidemiological associations with CP in the literature. Combined multivariable analyses suggest
an association of some maternal and fetal genotypes with CP outcome, particularly when an
infection was reported. These results require further study and the mechanism of association is

yet to be determined.
Conclusions

The individual SNPs studied are unlikely to play a large role in CP causation, although
maternal SNPs and interactions with infection may be significant. Specific subtypes of CP
(particularly term born quadriplegia) are more likely to have a genetic origin than other types.

This study has stimulated new genetic and environmental studies of CP.
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Abbreviations

ADRB2 Beta-2-adrenergic receptor
AGT Angiotensinogen

APOE Apolipoprotein E

Cl Confidence interval

cmv Cytomegalovirus

COX-2 Cyclo-oxygenase-2

cpP Cerebral Palsy

eNOS Endothelial nitric oxide synthase
FGB Fibrinogen beta chain

FVL Factor V Leiden

GA Gestational age

IL-10 Interleukin 10

IL-1B Interleukin 1B

IL-6 Interleukin 6

ITGB3 Integrin beta chain beta 3
IUGR Intrauterine growth restriction
LTA Lymphotoxin-a

MBL Mannose binding lectin

MMP Matrix metalloproteinases
MTHFR Methylenetetrahydrofolate reductase
NPPA Natriuretic peptide A
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OR Odds ratio

PAI Plasminogen activator

PGM Prothrombin gene mutation

POSU Perinatal outcome statistics unit

SCNN1A Amiloride-sensitive sodium channel subunit alpha
SELE Selectin E

SNP Single nucleotide polymorphism

TLR-4 Toll-like receptor 4

TNF-a Tumour necrosis factor-a

Glossary

Quadriplegia  Paralysis of all four limbs

Diplegia Paralysis of corresponding parts on both sides of the body, typically affecting the

legs more severely than the arms

Hemiplegia Paralysis of one side of the body

Pyrexia Raised body temperature, fever
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