
	

	

 

DEVELOPMENT OF AN EARLY LIFE 

RISK STRATIFICATION TOOL TO 

FACILITATE PRIMARY PREVENTION 

OF THE METABOLIC SYNDROME BY 

INFANT NUTRITIONAL 

INTERVENTION 
 

 

Dr Scott William White 

MBBS FRANZCOG CMFM 

 

 

 

This	thesis	is	presented	for	the	degree	of		

Doctor	of	Philosophy		

of	The	University	of	Western	Australia		

	

Faculty	of	Health	and	Medical	Sciences	

Medical	School	Division	of	Obstetrics	and	Gynaecology	

	

2017	



	

	 i	

THESIS	DECLARATION	

	
I,	Scott	William	White,	certify	that:	

	

This	thesis	has	been	substantially	accomplished	during	enrolment	in	the	degree.	

	

This	 thesis	 does	 not	 contain	material	 which	 has	 been	 accepted	 for	 the	 award	 of	 any	 other	

degree	or	diploma	in	my	name,	in	any	university	or	other	tertiary	institution.	

	

No	 part	 of	 this	work	will,	 in	 the	 future,	 be	 used	 in	 a	 submission	 in	my	name,	 for	 any	 other	

degree	or	diploma	in	any	university	or	other	tertiary	institution	without	the	prior	approval	of	

The	University	of	Western	Australia	and	where	applicable,	any	partner	institution	responsible	

for	the	joint-award	of	this	degree.	

	

This	 thesis	does	not	contain	any	material	previously	published	or	written	by	another	person,	

except	where	due	reference	has	been	made	in	the	text.		

	

The	work(s)	are	not	in	any	way	a	violation	or	infringement	of	any	copyright,	trademark,	patent,	

or	other	rights	whatsoever	of	any	person.	

	

The	research	involving	human	data	reported	in	this	thesis	was	assessed	and	approved	by	The	

University	of	Western	Australia	Human	Research	Ethics	Committee.	Approval	#:	RA/4/1/4895.	

	

Written	patient	consent	has	been	received	and	archived	for	the	research	involving	patient	data	

reported	in	this	thesis.	

	

The	 work	 described	 in	 this	 thesis	 is	 part	 of	 the	 ongoing	 work	 of	 the	 Western	 Australian	

Pregnancy	Cohort	which	receives	funding	from	multiple	sources,	including	the	National	Health	

and	 Medical	 Research	 Council,	 Raine	 Medical	 Foundation,	 Women	 and	 Infants	 Research	

Foundation,	The	University	of	Western	Australia,	Curtin	University,	Telethon,	and	the	Canadian	

Institutes	 of	 Health	 Research.	 Personal	 funding	 support	 was	 gratefully	 received	 from	 The	

Faculty	 of	Medicine,	 Dentistry,	 and	 Health	 Sciences	 at	 The	 University	 of	Western	 Australia,	

Women	and	Infants	Research	Foundation,	and	the	Royal	Australian	and	New	Zealand	College	

of	Obstetricians	and	Gynaecologists.		

	



Declaration	

	 ii	

This	thesis	contains	published	work	and/or	work	prepared	for	publication,	some	of	which	has	

been	co-authored.		

	
Dr	Scott	White	
	
28	June	2017	
	 	



	

	 iii	

	
	
	
	
	
	
	

For Elizabeth,  
whose constant support and 

encouragement enabled me to bring this 
thesis to fruition. 



	

	 iv	

ABSTRACT	

	

The	 metabolic	 syndrome	 is	 of	 enormous	 global	 importance	 due	 to	 its	 high	 prevalence	 and	

consequent	 health	 and	 socioeconomic	 burden.	 Whilst	 much	 of	 the	 pathogenesis	 of	 the	

metabolic	 syndrome	 centres	 around	 adult	 lifestyle	 influences,	 there	 is	 also	 a	 significant	

contribution	 from	 early	 life	 influences,	 consistent	with	 the	Developmental	 Origins	 of	 Health	

and	Disease	paradigm.	The	early	life	period	of	developmental	plasticity	affords	an	opportunity	

to	 implement	 interventions	which	may	modify	an	individual’s	risk	of	adult	metabolic	disease.	

Identifying	those	at	increased	disease	risk	is	paramount	in	selecting	candidates	who	are	most	

likely	to	benefit	from	early	life	primary	prevention.		

	

Such	 identification	 requires	 a	 novel	 approach	 as	 traditional	 risk	 factors	 are	 not	 apparent	 in	

early	 life.	 Abnormal	 fetal	 growth,	 given	 its	 association	with	metabolic	 disease,	may	 identify	

those	 at	 risk.	 Genetic	 risk	 assessments	 may	 also	 be	 undertaken	 based	 upon	 those	 variants	

known	to	be	associated	with	adult	metabolic	phenotypes;	however,	the	relationship	between	

these	variants	and	early	life	pathophysiology	requires	assessment.		

	

Aim	

This	thesis	aims	to	develop	a	method	for	the	early	life	identification	of	individuals	at	high	risk	

of	 adult	 metabolic	 syndrome	 and	 to	 assess	 the	 role	 of	 early	 life	 nutrition	 upon	 metabolic	

outcomes.	

	

Methods	and	Findings	

This	 study	 employed	 the	 unique	 resource	 to	 epidemiological	 research	 that	 is	 the	 Western	

Australian	Pregnancy	Cohort	(Raine)	Study,	whose	detailed	 longitudinal	data	concerning	fetal	

growth	 trajectories,	 early	 life	 nutrition,	 family	 sociodemographic	 factors,	 adolescent	 and	

young	 adult	 metabolic	 phenotypes,	 and	 genomic	 variants	 allow	 the	 assessment	 of	
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relationships	 between	 these	 contributors	 to	 the	 developmental	 origins	 of	 the	 metabolic	

syndrome.	

	

Phase	 1	 required	 the	 assessment	 of	 the	 cohort	 and	 its	 representativeness	 of	 its	 source	

population	in	order	to	determine	the	external	validity	of	the	findings	of	this	work.	There	was	

no	evidence	of	significant	perinatal	selection	bias	within	the	Raine	Study,	although	it	is	of	note	

that	the	further	analyses	of	this	thesis	were	limited	to	a	homogeneously	Caucasian	subset	and	

caution	is	required	in	the	extrapolation	of	the	results	to	other	ethnic	groups.	

	

Phase	 2	 involved	 the	 assessment	 of	 the	 relationship	 between	 adequacy	 of	 fetal	 growth	 and	

adult	 metabolic	 disease	 risk	 factors.	 Novel	 methodology	 for	 the	 customised	 assessment	 of	

fetal	biometric	parameters	was	developed.	Overall,	no	measure	of	fetal	growth	was	found	to	

be	useful	as	a	screening	test	to	stratify	individual	risk	of	subsequent	metabolic	disease	risk.	

	

Phase	 3	 assessed	 the	 capacity	 of	 genomic	 markers	 to	 predict	 later	 disease	 risk.	 A	 proof	 of	

principle	 study	 was	 performed	 using	 variants	 from	 within	 the	 leptin	 candidate	 pathway,	

demonstrating	significant	associations	of	LEP	and	LEPR	variants	with	both	altered	fetal	growth	

and	adult	metabolic	parameters	suggesting	 the	 feasibility	of	 this	approach.	Expansion	of	 this	

methodology	showed	the	importance	of	assessing	both	maternal	and	fetal	genomic	variants	in	

order	to	determine	their	influence	upon	early	life	physiology,	whereby	the	majority	of	variants	

associated	with	adult	metabolic	disease	phenotypes	also	had	demonstrable	associations	with	

altered	 fetal	 growth.	 A	 unique	 genetic	 association	 between	 fetal	 macrosomia	 and	 adult	

hyperglycaemia	was	found,	leading	to	the	proposal	of	a	novel	genetic	hypothesis	linking	these	

two	outcomes.	

	

In	Phase	4,	genetic	risk	scores	were	derived,	describing	an	individual’s	complement	of	genomic	

variants	known	to	influence	metabolic	outcomes	and	also	fetal	growth.	These	risk	scores	were	
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strongly	correlated	with	relevant	phenotypes	in	the	Raine	Study	participants	and	were	able	to	

stratify	individuals	by	their	disease	risk.	

	

Phase	5	assessed	the	interactions	between	genetic	risk	score	and	early	life	nutrition	in	relation	

to	 adult	 metabolic	 outcomes.	 This	 demonstrated	 a	 significant	 benefit	 of	 exclusive	

breastfeeding,	with	those	at	high	genetic	risk	showing	the	greatest	reductions	in	adult	disease	

risk	when	exclusive	breastfeeding	was	maintained	for	longer	periods.	

	

Conclusion	

This	thesis	describes	the	capacity	of	a	genetic	risk	score	to	identify,	during	early	life,	individuals	

at	 high	 risk	 of	 adverse	 adult	 metabolic	 phenotypes.	 An	 interaction	 with	 infant	 nutrition	

suggests	exclusive	breastfeeding	in	those	at	high	genetic	risk	of	adult	metabolic	syndrome	has	

the	capacity	to	substantially	mitigate	this	risk.	The	concept	of	early	life	primary	prevention	of	

adult	disease	appears	to	have	substantial	clinical	merit	and	requires	further	refinement.	
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1.1 OVERVIEW	

	

This	thesis	presents	a	body	of	work	addressing	the	primary	objective	of	my	project:	to	develop	

a	 method	 of	 identifying	 individuals	 who	 may	 benefit	 from	 early	 life	 interventions	 for	 the	

primary	 prevention	 of	 adult	 metabolic	 syndrome.	 It	 contains	 a	 literature	 review,	 eight	

analytical	 chapters,	 and	 a	 summary	 including	 areas	 requiring	 further	 research.	 Arising	 from	

work	presented	here	there	have	been	three	journal	articles,	one	published,	one	in	press,	and	

one	 under	 editorial	 review,	 a	 book	 chapter	 under	 editorial	 review,	 several	 oral	 and	 poster	

presentations	 of	 conference	 abstracts,	 and	 several	 invited	 lectures,	 both	 nationally	 and	

internationally.	

	

In	this	first	chapter	I	will	define	the	context	in	which	the	research	presented	in	this	thesis	was	

conceived	and	conducted.		

	

1.1.1 The	metabolic	syndrome	

The	 metabolic	 syndrome	 is	 one	 of	 a	 group	 of	 pandemic	 non-communicable	 diseases	

representing	a	major	socioeconomic	burden	to	the	global	community.	 Its	primary	prevention	

has	 proven	 difficult	 and	 interventions	 for	 the	 secondary	 prevention	 of	 associated	 adverse	

morbidity	 and	 mortality	 are	 both	 costly	 and	 suboptimally	 effective.	 Here,	 I	 will	 review	 the	

epidemiology	 of	 the	 metabolic	 syndrome	 and	 the	 current	 understanding	 of	 its	

pathophysiology.	Further,	 I	will	discuss	 in	detail	 the	three	metabolic	phenotypes	that	are	the	

focus	of	this	thesis:	obesity,	insulin	resistance,	and	non-alcoholic	fatty	liver	disease.	

	

1.1.2 The	Developmental	Origins	of	Health	and	Disease	

The	Developmental	Origins	of	Health	and	Disease	(DOHaD)	is	a	field	of	research	linking	events	

of	 early	 life	 to	 later	 life	 health	 and	 disease	 outcomes.	 This	 section	 describes	 the	 history	 of	

DOHaD,	 the	 proposed	 mechanisms	 underlying	 the	 observed	 associations,	 and	 the	
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opportunities	 that	 this	phenomenon	provides	 for	 clinical	 interventions	aimed	at	 the	primary	

prevention	of	metabolic	disease.	

	

1.1.3 Determinants	of	fetal	growth	

This	 section	 outlines	 the	 current	 understanding	 of	 the	 determinants	 of	 fetal	 growth,	 of	

particular	 relevance	 to	 this	 thesis	 given	 the	 common	 use	 of	 fetal	 growth	 patterns	 as	

descriptors	of	an	individual’s	response	to	the	intrauterine	environment.	

	

1.1.4 The	Raine	Study	

All	 of	 the	 experimental	 work	 in	 this	 thesis	 was	 performed	 in	 a	 unique	 epidemiological	

resource,	the	Western	Australian	Pregnancy	Cohort	(Raine)	Study.	I	will	provide	an	overview	of	

the	study	from	its	inception	through	its	serial	follow	up	assessments,	and	the	unique	resources	

of	 longitudinal	 assessments	 from	 fetal	 to	 adult	 life	 and	 thorough	 genomic	 characterisations	

that	permitted	the	analyses	herein.	

	

1.1.5 Aims,	hypothesis,	and	research	plan	

The	aims	of	this	thesis	are,	firstly,	to	develop	a	method	for	early	life	identification	of	individuals	

at	high	risk	of	adult	metabolic	syndrome	and,	secondly,	to	assess	the	role	of	early	life	nutrition	

upon	metabolic	outcomes.	I	test	the	hypotheses	that	individuals	at	high	risk	of	adult	metabolic	

syndrome	will	be	identifiable	by	their	fetal	growth	pattern	and	their	genomic	variants	and	that	

this	 risk	will	be	modified	by	early	 life	nutrition.	 In	order	 to	do	 this,	 I	will	 conduct	a	 series	of	

analyses,	 including:	 assessing	 the	 representativeness	 of	 the	 cohort	 in	 which	 the	 studies	 are	

undertaken;	developing	a	novel	method	to	 identify	deviations	from	optimal	fetal	growth	and	

assessing	the	capacity	of	these	deviations	to	predict	adult	disease	risk;	examining	the	role	of	

genomic	 variation	 in	 predicting	 adult	 disease	 risk	 and	 developing	 a	 risk	 score	 to	 identify	

individuals	at	high	risk	of	such	disease;	and,	finally,	assessing	the	interactions	between	genetic	

risk	and	infant	nutrition	in	the	development	of	adult	disease	phenotypes.		
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1.2 THE	METABOLIC	SYNDROME	

	

1.2.1 Introduction	

The	metabolic	 syndrome	 is	 a	 cluster	 of	metabolic	 abnormalities	 that	 are	 associated	with	 an	

increased	risk	of	cardiovascular	disease	and	type	2	diabetes	mellitus	(T2DM).	The	diagnosis	is	

made	according	 to	various	criteria	set	out	by	differing	bodies,	with	 the	most	 recent	addition	

being	a	joint	statement	from	the	International	Diabetes	Federation,	the	National	Heart,	Lung,	

and	 Blood	 Institute,	 the	 American	 Heart	 Association,	 the	 World	 Heart	 Federation,	 the	

International	Atherosclerosis	Society,	and	the	International	Association	of	the	Study	of	Obesity	

(Table	1.1)	(Alberti,	Eckel	et	al	2009).	There	is	debate,	however,	about	the	significance	of	the	

metabolic	 syndrome	 as	 a	 discrete	 diagnosis,	 with	 suggestions	 that	 the	 cluster	 of	 metabolic	

abnormalities	 as	 a	 single	 entity	 is	 no	 more	 significant	 than	 the	 sum	 of	 the	 individual	

abnormalities	alone	(Knuiman,	Hung	et	al	2009;	Borch-Johnsen	and	Wareham	2010;	Cameron	

2010).	

	

The	 metabolic	 syndrome	 is	 an	 increasing	 problem	 throughout	 the	 world	 and	 is	 manifested	

most	clearly	as	the	“obesity	epidemic”	(World	Health	Organisation	2010).	This	is	a	problem	of	

enormous	 significance	 in	 terms	 of	 associated	 mortality,	 morbidity,	 and	 socioeconomic	 cost	

(Schultz	 and	 Edington	2009;	 Colagiuri,	 Lee	 et	 al	 2010).	 The	prevalence	 is	 somewhat	 variable	

across	the	world	with	a	peak	in	high	resource	countries	such	as	Australia	and	the	United	States	

(Zimmet,	 McCarty	 et	 al	 1997;	 Wannamethee	 2008),	 but	 the	 rapidly	 transitioning	

socioeconomic	conditions	in	low	resource	countries	sees	the	metabolic	syndrome	increasing	in	

prevalence	in	countries	such	as	China	and	India	(Misra	and	Khurana	2008;	Mangat,	Goel	et	al	

2010;	Ranasinghe,	Mathangasinghe	etl	al	2017).	In	Australia,	the	prevalence	is	estimated	at	up	

to	30%	of	adults	 (Dunbar,	Reddy	et	al	2008).	Of	 further	concern	 is	 the	 increasing	prevalence	

among	children	of	the	metabolic	syndrome	related	phenotypes	of	obesity,	non-alcoholic	fatty	



Chapter	1	-	Literature	review	and	thesis	outline	

5	

liver	 disease,	 and	 insulin	 resistance	 (Ode,	 Frohnert	 et	 al	 2009;	 Bibiloni,	Martinez	 et	 al	 2010;	

Berardis	and	Sokal	2014).	

	
Table	1.1.	Diagnostic	criteria	for	the	metabolic	syndrome.	

Joint	 Statement	 of	 the	 International	 Diabetes	 Federation,	 the	 National	 Heart,	 Lung,	 and	 Blood	
Institute,	 the	 American	 Heart	 Association,	 the	 World	 Heart	 Federation,	 the	 International	
Atherosclerosis	Society,	and	the	International	Association	of	the	Study	of	Obesity		
(Alberti,	Eckel	et	al	2009)	
At	least	three	of:	
Central	obesity	
	
Dyslipidaemia	
	
	
Dyslipidaemia	
	
	
	
Hypertension		
	
	
	
Hyperglycaemia	

Elevated	waist	circumference	(by	ethnicity	specific	values)	
	
Serum	triglycerides	≥1.7	mmol/L	(150	mg/dL;	or	
On	treatment	for	elevated	triglycerides	
	
Serum	HDL-cholesterol	<	1.0	mmol/L	(40	mg/dL)	for	males	or	<	1.3	mmol/L		
(50	mg/dL)	for	females;	or	
On	treatment	for	reduced	HDL-cholesterol	
	
Systolic	blood	pressure	≥	130	mmHg;	or		
Diastolic	blood	pressure	≥	85	mmHg;	or		
On	treatment	for	previously	diagnosed	hypertension		
	
Fasting	plasma	glucose	≥	5.6	mmol/L	(100	mg/dL);	or		
Previously	diagnosed	type	2	diabetes	mellitus	

International	Diabetes	Federation	Criteria	
(Alberti,	Zimmet	et	al	2005)	
Central	obesity	
(essential	criterion)	

Waist	circumference	above	ethnicity-specific	value;	or		
Body	mass	index	>	30	kg/m2	

And,	any	two	or	more	of:	
Dyslipidaemia	
	
	
	
Hypertension		
	
	
	
Hyperglycaemia	

Serum	triglycerides	>	1.7	mmol/L	(150	mg/dL;	or	
Serum	 HDL-cholesterol	 <	 1.03	 mmol/L	 (40	 mg/dL)	 for	 males	 or	 <	 1.29	
mmol/L		(50	mg/dL)	for	females	
	
Systolic	blood	pressure	>	130	mmHg;	or		
Diastolic	blood	pressure	>	85	mmHg;	or		
On	treatment	for	previously	diagnosed	hypertension		
	
Fasting	plasma	glucose	>	5.6	mmol/L	(100	mg/dL);	or		
Previously	diagnosed	type	2	diabetes	mellitus	

National	Cholesterol	Education	Programme	Criteria		
(Expert	Panel	on	Detection	Evaluation	and	Treatment	of	High	Blood	Cholesterol	in	Adults	2001)	
At	least	three	of:	
Central	obesity	
	
	
Dyslipidaemia	
	
Dyslipidaemia	
	
	
Hypertension	
	
Hyperglycaemia	

Waist	circumference	≥	102	cm	(40	inches)	for	males		
or	≥	88cm	(36	inches)	for	females	
	
Serum	triglycerides	≥	1.695	mmol/L	(150	mg/dL)	
	
Serum	 HDL-cholesterol	 ≤	 1.03	 mmol/L	 (40	 mg/dL)	 for	 males	 or	 ≤	 1.29	
mmol/L	(50	mg/dL)	for	females	
	
Blood	pressure	≥	130/85	mmHg	
	
Fasting	plasma	glucose	≥6.1	mmol/L	(110	mg/dL)	
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The	 increasing	 prevalence	 of	 the	metabolic	 syndrome	 reflects	 largely	 lifestyle	 factors	 as	 our	

population	 becomes	 more	 sedentary	 and	 diets	 become	 increasingly	 energy-excessive.	

Traditional	approaches	 to	reduction	of	 the	associated	morbidity	have	 focussed	on	secondary	

prevention	 with	 pharmacological	 treatment	 of	 hypertension,	 dyslipidaemia,	 and	 glucose	

intolerance	with	varying	degrees	of	success	(Uysal,	Wolters	et	al	2013).		

	

More	 recently	 the	 focus	has	 shifted	 toward	 lifestyle	and	nutritional	modification	approaches	

for	 primary	 prevention	 and	 treatment	 of	 the	metabolic	 syndrome.	 These	 interventions	may	

clearly	 be	 beneficial	 at	 the	 individual	 level	 (Takei	 2013);	 however,	 only	 more	 resource-

intensive	 interventions	with	multimodal	approaches	 including	all	of	dietary,	physical	 activity,	

and	 educational	 components	 tend	 to	 be	 efficacious	 (Table	 1.2)	 (Norris,	 Zhang	 et	 al	 2005;	

Orozco,	 Buchleitner	 et	 al	 2008;	 Yamaoka	 and	 Tango	 2012;	 Soares	 and	 de	 Sousa	 2013).	

Furthermore,	 at	 a	 population	 level	 the	 prevalence	 of	metabolic	 syndrome	 continues	 to	 rise	

(Barrera	 and	 George	 2014)	 suggesting	 that	 new	 approaches	 to	 primary	 prevention	 are	

required	(Slentz,	Houmard	et	al	2009;	Vaughan,	Schoo	et	al	2009;	Kral	2013).		

	

Table	1.2.	Systematic	reviews	of	lifestyle	modification	for	improving	metabolic	health.	

Study	 Participants	 Efficacious	interventions	 Non-efficacious	interventions	
Orozco	
(2008)	

Individuals	at	risk	
for	T2DM	

Diet	and	exercise	reduced	T2DM	
prevalence	and	systolic	blood	

pressure	

Exercise	only	no	significant	
effect	

Substantial	heterogeneity	
suggests	wide	variation	in	

efficacy	between	
interventions	

Norris	
(2005)	

Established	T2DM	 Pooled	any	intervention	showed	
modest	reduction	in	weight	(0.3-

3.2kg)	

Physical	activity	or	very	low	
calorie	diet	alone	had	no	
significant	metabolic	effect	

Soares	
(2013)	

Women	
with/without	
metabolic	
disorders	

12	studies	of	various	physical	
activity	interventions	reduced	
inflammatory	biomarkers	

Only	integrative	interventions	
beneficial	

3	studies	showed	no	benefit	
and	1	studies	showed	
increased	inflammation	

Yamaoka	
(2012)	

Established	
metabolic	
syndrome	

5	interventions	successful	in	
reducing	metabolic	syndrome	

and	its	components	

6	interventions	ineffective	
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Whilst	 lifestyle	 and	 dietary	 patterns	 are	 important	 components	 of	 metabolic	 syndrome	

pathogenesis	there	 is	also	a	role	for	genetics	 in	this	process.	Not	every	 individual	exposed	to	

an	 obesogenic	 environment	 will	 become	 obese	 and	 some	 individuals	 with	 metabolic	

abnormalities	develop	these	within	a	relatively	healthy	environment.		Aside	from	exceptionally	

rare	 monogenic	 metabolic	 syndrome	 conditions	 such	 as	 Dunnigan-variety	 familial	 partial	

lipodystrophy	(Hegele	2003),	the	development	of	the	metabolic	syndrome	is	influenced	in	the	

vast	majority	of	cases	by	many	genes	within	different	organ	systems	(Pomp	and	Mohlke	2008;	

Kirk	 and	 Klein	 2009).	 The	 precise	 genetic	 mechanisms	 underlying	 the	 development	 of	 the	

metabolic	 syndrome	 are	 incompletely	 understood	 but	 involve	 gene-environment	 and	 gene-

gene	 interactions	 (Pennell,	 Palmer	 et	 al	 2009;	 Dasgupta	 and	 Reddy	 2013).	 A	 better	

understanding	of	these	mechanisms	provides	insight	into	the	pathogenesis	of	the	disease	and	

will	 potentially	 provide	 new	 interventions	 to	 reduce	 the	 prevalence	 and	 burden	 of	 disease	

(Wolfs,	Hofker	et	al	2009).	

	

The	metabolic	syndrome	is	a	cluster	of	closely	related	metabolic	phenotypes	including	central	

obesity,	 hypertension,	 insulin	 resistance,	 and	 atherogenic	 dyslipidaemia.	 These	 all	 represent	

risk	 factors	 for	 the	 development	 of	 cardiovascular	 disease	 and	 T2DM,	 which	 occur	 with	

respective	 two-fold	 and	 five-fold	 increased	prevalence	 among	metabolic	 syndrome	 sufferers	

compared	with	the	general	population	(Spalding,	Kernan	et	al	2009).	First	described	in	1923	by	

Kylin	 (Alberti,	 Zimmet	 et	 al	 2005)	 as	 a	 constellation	 of	 cardiovascular	 risk	 factors	 often	

occurring	in	combination,	it	was	not	until	Reaven	(1988)	described	“Syndrome	X”	in	1988	that	

more	attention	began	to	be	paid	to	this	condition	as	a	unified	pathologic	entity.	Alternatively	

known	as	“Reaven	syndrome”	or	“metabolic	syndrome	X”,	the	metabolic	syndrome	is	of	major	

public	health	 interest	because	of	 the	 large	burden	of	 the	associated	morbidity	and	mortality	

from	 cardiovascular	 disease,	 T2DM,	 non-alcoholic	 fatty	 liver	 disease,	 and	 a	 variety	 of	 other	

diseases	(Marchesini,	Brizi	et	al	2001;	Haque	and	Sanyal	2002;	Duvnjak	and	Duvnjak	2009).	
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1.2.2 Controversies	

The	metabolic	syndrome	has	been	the	subject	of	significant	debate	over	the	past	several	years.	

Controversies	 exist	 regarding	 the	 definition	 of	 the	 syndrome	 and	 the	 clinical	 utility	 of	 the	

syndrome	in	predicting	adverse	cardiovascular	and	metabolic	outcomes.	The	varied	definitions	

result	 in	 problems	 for	 epidemiological	 research	 in	 the	 comparison	 of	 studies	 with	 different	

methodologies.	One	Indian	study	demonstrated	respective	metabolic	syndrome	prevalence	of	

47.4%	versus	38.5%	by	applying	the	differing	criteria	of	the	International	Diabetes	Federation	

(IDF)	(Alberti,	Zimmet	et	al	2005)	and	the	National	Cholesterol	Education	Program	Expert	Panel	

on	Detection,	Evaluation,	and	Treatment	of	High	Blood	Cholesterol	 in	Adults	 (ATP-III)	 (Expert	

Panel	 on	 Detection	 Evaluation	 and	 Treatment	 of	 High	 Blood	 Cholesterol	 in	 Adults	 2001)	

(Mangat,	Goel	et	al	2010).	One	of	the	main	areas	of	concern	has	been	the	mandatory	presence	

of	central	obesity	for	diagnosis	according	to	IDF	criteria,	whereas	other	definitions	allowed	the	

diagnosis	without	obesity	if	other	criteria	were	fulfilled.	In	an	attempt	to	resolve	this	issue,	this	

mandatory	 criterion	 has	 been	 removed	 from	 the	 most	 recent	 definition,	 the	 2009	 joint	

statement	 from	 the	 International	 Diabetes	 Federation,	 the	 National	 Heart,	 Lung,	 and	 Blood	

Institute,	 the	 American	 Heart	 Association,	 the	 World	 Heart	 Federation,	 the	 International	

Atherosclerosis	 Society,	 and	 the	 International	 Association	 of	 the	 Study	 of	 Obesity	 (Alberti,	

Eckel	et	al	2009).	The	adoption	of	this	definition	in	future	research	should	allow	more	uniform	

epidemiological	research	to	more	accurately	describe	worldwide	trends	 in	the	syndrome	and	

its	association	with	disease.	

	

The	 other	major	 criticism	 of	 the	metabolic	 syndrome	 as	 a	 diagnostic	 entity	 distinct	 from	 its	

constituent	 metabolic	 abnormalities	 is	 that,	 according	 to	 most	 studies,	 the	 metabolic	

syndrome	does	not	predict	the	development	nor	the	progression	of	cardiovascular	disease	any	

better	 than	 the	 sum	 of	 its	 components	 (Kahn,	 Buse	 et	 al	 2005;	 Cull,	 Jensen	 et	 al	 2007;	

Giampaoli,	 Stamler	 et	 al	 2009;	 Knuiman,	 Hung	 et	 al	 2009;	 Koskinen,	 Kahonen	 et	 al	 2009;	

Woodward	 and	Tunstall-Pedoe	2009;	 Xu,	 Jiang	 et	 al	 2009).	However,	 in	 a	meta-analysis	 and	
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systematic	review	of	37	studies	with	over	170,000	total	subjects,	Gami	et	al	(2007)	showed	the	

metabolic	syndrome	to	be	superior	to	the	sum	of	its	components	in	predicting	cardiovascular	

events	and	mortality,	as	did	a	more	recent	study	(Thomas,	Phillips	et	al	2009)	from	Britain.	This	

conflicting	 evidence	 notwithstanding,	 it	 has	 been	 well	 established	 that	 the	 metabolic	

syndrome	as	a	diagnosis	has	clinical	utility	as	an	effective	method	of	identifying	individuals	at	

increased	 risk	 of	 cardiovascular	 disease	 and	 T2DM	 to	 allow	 lifestyle	 and	 pharmacological	

interventions	aimed	at	reducing	that	risk	(Duvnjak	and	Duvnjak	2009;	Eckel,	Alberti	et	al	2010).	

It	 is	 also	 a	 useful	 clinical	 educational	 tool	 to	 allow	 patients	 to	 understand	 that	 the	multiple	

metabolic	 conditions	 with	 which	 they	 present	 are	 linked	 and	 may	 all	 respond	 to	 lifestyle	

modification	(Cameron	2010).	

	

1.2.3 Epidemiology	

Prior	to	the	2009	joint	statement,	the	two	most	widely	accepted	diagnostic	criteria	were	those	

of	 the	 International	 Diabetes	 Federation	 (Alberti,	 Zimmet	 et	 al	 2005)	 and	 the	 National	

Cholesterol	Education	Program	(Expert	Panel	on	Detection	Evaluation	and	Treatment	of	High	

Blood	Cholesterol	 in	Adults	2001),	as	described	in	Table	1.1	(above).	Using	these	criteria,	 the	

reported	 prevalence	 varies	 significantly	 across	 ethnic	 and	 geographic	 divisions.	 The	 most	

recent	Australian	data	suggest	rates	between	14.7%	(Olynyk,	Knuiman	et	al	2009)	and	30.4%	

(Dunbar,	 Reddy	 et	 al	 2008)	 in	 general	 population	 adults,	 with	 increased	 prevalence	 up	 to	

49.6%	among	indigenous	Australians	(Li,	Campbell	et	al	2009),	39.0%	among	rural	Australians	

(Vaughan,	Schoo	et	al	2009),	and	certain	migrant	groups	(Zimmet,	McCarty	et	al	1997),	among	

other	high-risk	groups.	Similar	prevalence	and	high-risk	groups	are	observed	in	high	resource	

populations	around	the	world	(Wannamethee	2008;	Maloney,	Boneva	et	al	2010).	

	

Previously	 a	 disease	 predominantly	 of	 high	 resource	 countries	 and	 the	 “Western”	 lifestyle,	

more	 recently	 the	metabolic	 syndrome	has	 shown	 an	 increasing	 prevalence	 in	 low	 resource	

countries	 (Ranasinghe,	 Mathangasinghe	 et	 al	 2017).	 Much	 of	 this	 increase	 has	 occurred	 as	
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these	 populations	 undergo	 increasing	 urbanisation	 and	 adopt	 a	 more	 western	 lifestyle	

compared	 to	 their	 traditional	 lifestyle.	For	example,	Mangat	et	al	 (2010)	 recently	 reported	a	

metabolic	syndrome	prevalence	of	40.4%	in	men	and	59.6%	of	women	in	an	urbanised	area	of	

India.	 Misra	 and	 Khurana	 (2008)	 described	 several	 factors	 influencing	 the	 rise	 in	 metabolic	

syndrome	 in	 developing	 countries	 relating	 to	 rapid	 urbanisation	 and	 nutritional	 transition,	

including	 increasing	 affluence,	 decreasing	 food	 scarcity	 and	 increasing	 food	 availability,	

decreasing	 labour	 intensive	work,	 increasing	caloric	 intake,	 increasing	 refined	carbohydrates,	

decreasing	 infectious	 diseases,	 and	 increasing	 old	 age.	 Given	 the	 large	 populations	 of	 China	

and	 India,	 this	 trend	 forebodes	 a	major	 increase	 in	 the	 worldwide	 population	 of	 metabolic	

syndrome	sufferers	in	the	coming	years.	

	

Also	 of	 concern	 is	 the	 rising	 prevalence	 of	 the	 metabolic	 syndrome	 among	 children	 and	

adolescents.	 Recent	 Australian	 data	 show	 rates	 of	 obesity	 of	 7%	 and	 overweight	 of	 18%	 in	

children	 (Australian	 Bureau	 of	 Statistics	 2013).	 Associated	 with	 this	 increase	 in	 obesity,	 the	

most	 recognised	 feature	 of	 the	 metabolic	 syndrome,	 is	 an	 increasing	 recognition	 of	

hyperglycaemia	and	dyslipidaemia	in	obese	children.	A	Spanish	study	demonstrated	metabolic	

syndrome	prevalence	of	5.8%	in	a	random	population	sample	of	362	adolescents,	increasing	to	

10.0%	 of	 the	 overweight	 subjects,	 and	 45.5%	 of	 the	 obese	 subjects	 (Bibiloni,	Martinez	 et	 al	

2010).	Non-alcoholic	fatty	liver	disease,	generally	considered	the	hepatic	manifestation	of	the	

metabolic	syndrome,	is	also	increasingly	prevalent	among	children,	with	rates	of	3-10%	in	the	

general	population	 (Alisi,	Manco	et	al	 2009)	and	around	70%	 in	obese	 children	 (Mencin	and	

Lavine	2011).	

	

The	 metabolic	 syndrome	 is	 a	 global	 socioeconomic	 burden	 of	 enormous	 significance.	 The	

economic	 cost	 of	 increased	 health	 care	 requirement	 was	 assessed	 by	 Schultz	 and	 Edington	

(2009)	in	an	American	population	with	metabolic	syndrome	prevalence	of	approximately	30%.	

Analysis	of	the	annual	health	care	expenditure,	medication	costs,	and	employee	absenteeism	



Chapter	1	-	Literature	review	and	thesis	outline	

11	

showed	an	excess	of	$USD	500	per	person	with	uncomplicated	metabolic	syndrome	compared	

to	 the	 general	 population.	 This	 equates	 to	 an	 annual	 cost	 of	 around	 $USD	 35	 billion	 in	 the	

United	 States.	 Those	 with	 cardiovascular	 disease	 or	 diabetes	 complicating	 their	 metabolic	

syndrome	 had	 an	 excess	 of	 over	 $USD	 3,000	 per	 person	 per	 year.	 An	 Australian	 estimate	

(Colagiuri,	Lee	et	al	2010)	placed	the	direct	cost	of	overweight	and	obesity	for	2005	at	$AUD	21	

billion,	which	does	not	 take	 into	account	the	cost	of	 the	other	components	of	 the	metabolic	

syndrome	and	its	complications.	Even	a	conservative	estimate	must	place	the	worldwide	cost	

of	 the	 metabolic	 syndrome	 and	 its	 associated	 cardiovascular	 disease	 and	 T2DM	 in	 the	

hundreds	of	billions,	if	not	trillions,	of	dollars	per	year.	

	

1.2.4 Pathogenesis	and	pathophysiology	

The	pathophysiology	of	 the	metabolic	syndrome	 involves	multiple	organ	systems	throughout	

the	body	in	a	complex	array	of	interactions	(Figure	1.1).	The	underlying	mechanism	that	links	

the	components	of	the	metabolic	syndrome	as	a	single	disease	entity	remains	elusive.	Multi-

organ	 insulin	 resistance	 is	 a	 key	 feature	 as	well	 as	 the	endocrine	 activity	 of	 visceral	 adipose	

tissue	mediated	 by	 interactions	 between	 adipocytokines	 and	 other	 inflammatory	 cytokines.	

Underlying	 these	 factors	 will	 be	 environmental,	 genetic,	 and	 epigenetic	 influences	 and	

interactions	between	genes	and	the	environment	(Drummond	and	Gibney	2013;	Vuguin,	Hartil	

et	al	2013).	

	

1.2.4.1 Insulin	resistance	

Insulin	resistance	has	long	been	thought	the	key	feature	underlying	the	pathophysiology	of	the	

metabolic	syndrome.	Indeed,	it	was	considered	as	the	central	factor	in	Reaven’s	(1988)	original	

description	of	the	cluster	of	metabolic	abnormalities	as	a	single	entity.	It	may	be	defined	as:		

	



Chapter	1	-	Literature	review	and	thesis	outline	

12	

“the	impaired	glucose	response	to	insulin	in	key	insulin-sensitive	tissues,	such	as	

adipose	 tissue,	 liver,	 and	 skeletal	 muscle,	 and	 more	 recently	 cardiovascular	

tissue”	(Bruce	and	Byrne	2009).	

	

The	full	details	of	the	molecular	mechanisms	underlying	cellular	insulin	resistance	are	yet	to	be	

elucidated,	with	a	number	of	potential	mechanisms	so	far	postulated	(Gill,	Mugo	et	al	2005).	

	

Cellular	insulin	resistance	leads	to	systemic	compensatory	hyperinsulinaemia.	It	is	increasingly	

appreciated	 that	 different	 tissues	 may	 manifest	 differing	 levels	 of	 insulin	 sensitivity	 and	

resistance	and	some	normally-sensitive	or	minimally-resistant	 tissues	demonstrate	enhanced	

insulin	effects	in	the	presence	of	this	hyperinsulinaemia	(Gill,	Mugo	et	al	2005).	

	

Insulin	 resistance	 can	 be	 precipitated	 in	 several	 ways,	 including	 by	 alterations	 in	 levels	 of	

circulating	 lipid	mediators,	 adipocytokines,	 and	 inflammatory	 cytokines,	 as	 discussed	 below.	

Evidence	for	insulin	resistance	playing	a	role	in	the	metabolic	syndrome	includes	the	finding	of	

both	 insulin	 resistance	 and	 hyperinsulinaemia	 in	 the	 component	metabolic	 abnormalities	 of	

hypertension,	obesity,	and	dyslipidaemia.	Specific	tissue	and	cellular	insulin	resistance	has	also	

been	 linked	 to	 cardiovascular	 disease	 and	 T2DM,	 the	 end-outcomes	 of	 the	 metabolic	

syndrome.	More	recent	research	investigates	intracellular	function	and	insulin	resistance	and	

their	 links	 with	 cardiovascular	 disease	 and	 diabetes	 (Zorzano,	 Liesa	 et	 al	 2009;	 Hotamisligil	

2010).	
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Insulin	resistance	 is	causally	related	to	hypertension	(Sowers	2004).	 Insulin	has	direct	actions	

upon	 blood	 vessels	 to	 promote	 relaxation	 through	 stimulation	 of	 nitric	 oxide	 production;	

vascular	 insulin	 resistance	 in	 essential	 hypertension	 interrupts	 this	 action.	 Individuals	 with	

essential	 hypertension	 are	 hyperinsulinaemic,	 in	 contrast	 to	 those	 with	 secondary	

hypertension	 whose	 insulin	 levels	 are	 not	 significantly	 different	 from	 normotensive	

individuals’.	These	data	imply	causation	more	than	just	association.	

	
	
Dyslipidaemia,	 defined	 as	 elevated	 circulating	 cholesterol	 in	 the	 form	 of	 atherogenic	

lipoproteins	 plus	 reduced	 levels	 of	 anti-atherogenic	 lipoproteins,	 is	 subtly	 but	 significantly	

different	in	insulin-resistant	and	insulin-sensitive	individuals.	Rather	than	an	elevation	in	low-

density	 lipoprotein	 cholesterol	 (LDL-cholesterol),	 insulin-resistant	 dyslipidaemic	 individuals	

tend	 more	 towards	 elevation	 of	 small,	 dense	 LDL-cholesterol	 and	 intermediate	 density	

lipoprotein	 cholesterol	 coupled	with	 reductions	 in	 high-density	 lipoprotein	 cholesterol	 (HDL-

cholesterol)	 (Chapman	 and	 Sposito	 2008).	 Hepatic	 insulin	 resistance	 leads	 to	 increased	

atherogenic	lipoprotein	production	and	increased	clearance	of	HDL-cholesterol	(Kirk	and	Klein	

2009).	 Insulin	 has	 also	 been	 shown	 to	 increase	 LDL-receptor	 activity,	 further	 increasing	 the	

atherogenic	potential	in	the	hyperinsulinaemic	individual	(Kashyap	and	Defronzo	2007).	

	

Macrophages	possess	 intact	 insulin	signalling	pathways.	Disruption	 to	 this	pathway	 in	 insulin	

resistance	 leads	 to	 inappropriate	 apoptosis	 and	 defective	 phagocytic	 clearance	 of	 apoptotic	

macrophages	 from	 within	 atherosclerotic	 plaques.	 This	 is	 particularly	 prominent	 within	 the	

vasculature	 of	 insulin-resistant	 type	 2	 diabetics.	 Abnormalities	 in	 these	 processes	 lead	 to	

increased	 plaque	 ulceration	 and	 platelet-thrombin	 aggregation	 culminating	 in	 ischaemic	

cardiovascular	disease	(Tabas,	Tall	et	al	2010).	
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1.2.4.2 Lipid	mediators	

The	 most	 current	 theory	 for	 the	 association	 of	 obesity	 with	 metabolic	 disease	 is	 that	 of	

“cellular	stress”	 related	to	 lipid	overload.	This	cellular	stress	 results	 in	a	cascade	of	oxidative	

and	 inflammatory	 agents,	 with	 the	 consequence	 of	 continuous	 signalling	 of	 adipocytes.	

Lipolysis,	or	the	breakdown	of	adipose	tissue	lipid	stores,	leads	to	increases	in	circulating	lipid	

mediators.	 These	 lipid	mediators	may	 be	 classified	 according	 to	 Table	 1.3.	 Accumulation	 of	

increasing	volumes	of	lipid	energy	stores	results	in	hypertrophy	and	hyperplasia	of	adipocytes;	

these	processes	eventually	lead	to	compromised	adipocyte	function	(Iyer,	Fairlie	et	al	2010).	As	

in	 any	 other	 organ,	 adipose	 tissue	 contains	 a	 population	 of	 both	 resident	 and	 migratory	

immune	 cells	 such	 as	 macrophages	 and	 T-lymphocytes.	 Early	 in	 the	 course	 of	 obesity	

development,	the	predominant	immune	cells	change	from	immunosuppressive	T-helper-2	cells	

and	macrophages	to	pro-inflammatory	T-helper-1	and	CD8+	effector	T	cells	 (Feuerer,	Herrero	

et	al	2009;	Nishimura,	Manabe	et	al	2009;	Winer,	Chan	et	al	2009).	These	cellular	changes	lead	

to	an	overall	pro-inflammatory	state	within	the	adipose	tissue	of	obese	individuals,	leading	to	

increased	lipolysis	and	systemic	inflammatory	cytokine	release	(Lumeng,	Maillard	et	al	2009).	

	
Table	1.3.	Classification	of	lipid	mediators	

Class	 Lipid	mediators	
Fatty	acids	 Prostaglandins	

Thromboxanes	
Leukotrienes	
Lipoxins	
Protectins	
Resolvins	

Epoxyeicosatrienoic	acids	
Other	fatty	acids	epoxides	

Phospholipids	 Platelet	activating	factor	
Oxidised	lipids	

Lysophospholipids	 Lysophosphatidic	acid	
Sphingosine-1-phosphate	

Others	 2-Arachidonylglycerol	
Other	lipid	amines	

Source:	Iyer,	Fairlie	et	al	(2010)	
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Free	 fatty	 acids	 released	 from	 dysfunctional	 adipose	 tissue	 can	 lead	 to	 insulin	 resistance,	

impairing	muscular	glucose	uptake	and	inhibiting	the	insulin-mediated	suppression	of	hepatic	

glucose	production.	 Increased	 fatty	acid	availability	 to	 the	 liver	also	 results	 in	 increased	 low-

density	lipoprotein	production	and	increased	high-density	lipoprotein	clearance	(Kirk	and	Klein	

2009).	 These	 interactions	 lead	 to	 the	 development	 of	 hyperglycaemia	 and	 dyslipidaemia,	

components	of	the	metabolic	syndrome.	

	

1.2.4.3 Abdominal	obesity	

Obesity	is	a	disorder	of	imbalance	in	energy	intake	and	expenditure.	Excess	energy	is	stored	as	

either	glycogen	or	lipids.	Efficient	energy	storage	as	lipid	provides	an	evolutionary	advantage	in	

situations	of	nutritional	paucity,	 allowing	 the	development	of	energy	 reserves	 for	periods	of	

dietary	 caloric	 insufficiency.	 In	 the	modern	 context	 of	 caloric	 plenty,	 however,	 this	 efficient	

lipid	storage	leads	to	obesity	(Iyer,	Fairlie	et	al	2010).	

	

Intraperitoneal,	 abdominal,	 central,	 or	 visceral	 obesity,	 as	 it	 is	 variably	 termed,	 represents	 a	

predominance	 of	 adipose	 tissue	 accumulation	 within	 the	 peritoneal	 cavity	 and	 abdominal	

organs.	 A	 central	 distribution	 of	 adipose	 tissue,	 rather	 than	 a	 uniform	 or	 peripheral	

distribution,	 is	known	to	be	associated	with	higher	 levels	of	 insulin	resistance	(Kirk	and	Klein	

2009)	and	overall	mortality	 (Zhang,	Rexrode	et	al	2008).	The	 relative	 roles	of	 intraperitoneal	

versus	 subcutaneous	 abdominal	 fat	 have	 been	 argued.	 Using	 magnetic	 resonance	 imaging,	

Abate	et	al	(1995)	demonstrated	similar	distributions	of	body	fat	among	obese	and	non-obese	

men,	 and	 that	 subcutaneous	 abdominal	 fat	 mass	 was	 more	 highly	 correlated	 with	 insulin	

resistance	than	intraperitoneal	fat.	This	contradicted	scientific	opinion	of	the	day,	until	Nielsen	

et	 al	 (2004)	 demonstrated	 that	 lipolysis	 of	 intraperitoneal	 adipose	 tissue	 directed	 free	 fatty	

acids	 directly	 to	 the	 liver	 via	 the	 hepatic	 portal	 vein,	 leading	 to	 significant	 hepatic	 insulin	

resistance	 with	 systemic	 effects	 from	 altered	 hepatic	 function.	 It	 is	 now	 thought	 that	 both	

forms	 of	 abdominal	 obesity	 are	 important,	 with	 intraperitoneal	 obesity	 predicting	 hepatic	
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insulin	resistance	and	subcutaneous	obesity	predicting	more	systemic	insulin	resistance,	both	

of	which	contribute	to	metabolic	disease.	At	an	individual	level,	the	function	of	adipose	tissue	

in	an	endocrine	fashion	is	now	thought	to	be	more	important	than	its	amount	in	terms	of	 its	

contribution	to	ill	health	and	cardiovascular	disease	risk	(Bastien,	Poirier	et	al	2014).	Qualifying	

adipose	tissue	function	is	difficult	in	large	cohort	studies,	and	research	variably	assesses	body	

mass	 index,	 various	 anthropometric	 measures,	 or	 imaging	 based	 assessments	 of	 body	

composition	as	approximate	surrogate	markers.		

	

1.2.4.4 Adipocytokines	

Once	 considered	 an	 inert	 energy-storage	 tissue,	 adipose	 tissue	 is	 now	 recognised	 as	 having	

substantial	endocrine	activity.	Cytokines	released	from	adipose	tissue	serve	several	 functions	

across	multiple	organ	systems.	Along	with	their	 influence	upon	metabolism,	these	hormones	

such	 as	 leptin,	 adiponectin,	 and	 ghrelin	 also	 play	 important	 roles	 in	 immune,	 bone,	 and	

reproductive	function	(Galic,	Oakhill	et	al	2010).	They	play	a	role	in	the	pathophysiology	of	the	

metabolic	syndrome	in	various	ways.	

Leptin	is	an	anorexigenic	hormone,	stimulating	satiety	via	its	effects	on	neuronal	centres	in	the	

hypothalamus	and	thereby	modifying	eating	behaviour	(Ahima,	Kelly	et	al	1999).	 In	the	most	

extreme	cases	of	 leptin	absence,	 continued	overeating	 leads	 to	massive	obesity	 (Weigle	and	

Kuijper	 1996).	 This	 is	 reversible	 in	 such	 cases	 with	 exogenous	 leptin	 supplementation	

(Pelleymounter,	 Cullen	 et	 al	 1995),	 but	 in	 individuals	 with	 less	 extreme	 forms	 of	 leptin	

deficiency,	leptin	supplementation	is	ineffective,	suggesting	a	“leptin	resistance”	phenomenon	

(Caro,	Kolaczynski	et	al	1996).	Leptin	has	also	been	shown	to	activate	 immune	cells	and	may	

also	 induce	 metabolic	 dysfunction	 via	 an	 immune-mediated	 role	 when	 elevated	 in	 obesity	

(Fernandez-Riejos,	 Najib	 et	 al	 2010).	 Furthermore,	 it	 may	 directly	 influence	 glucose	

homeostasis,	 with	 leptin	 deficiency	 associated	 with	 hyperinsulinaemia	 and	 hyperglycaemia	

(D'Souza	A,	Asadi	et	al	2014).	
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Adiponectin	is	secreted	from	adipose	tissue	in	inverse	proportion	to	fat	mass	(Kizer,	Barzilay	et	

al	 2008).	 It	 increases	 insulin	 sensitivity	 in	 the	 liver	 (Ix	 and	 Sharma	 2010),	 decreases	 hepatic	

glucose	production	(Combs,	Berg	et	al	2001),	and	increases	skeletal	muscle	glucose	and	fatty	

acid	 oxidation	 (Yamauchi,	 Kamon	 et	 al	 2002).	 Ghrelin	 plays	 a	 role	 in	 appetite	 modulation,	

inflammation,	and	glucose	homeostasis	(Chen,	Asakawa	et	al	2009).	

	

Adipose	 tissue	 produces	 several	 inflammatory	 cytokines	 related	 to	 the	metabolic	 syndrome	

(Figure	1.2).	Pro-inflammatory	cytokines,	 such	as	 tumour	necrosis	 factor-alpha,	 interleukin-6,	

interleukin-8,	plasminogen	activator	 inhibitor-1,	macrophage	chemoattractant	protein-1,	 and	

resistin,	 are	 all	 secreted	 from	 adipose	 tissue.	 They	 are	 linked	 to	 metabolic	 syndrome	

phenomena	such	as	insulin	resistance	and	hypertension,	and	also	other	processes	relevant	to	

cardiovascular	 disease	 such	 as	 endothelial	 dysfunction	 and	 atherosclerosis	 (Duvnjak	 and	

Duvnjak	2009;	Kirk	and	Klein	2009;	Rizvi	2009).	Normal	anti-inflammatory	cytokine	production	

by	adipose	tissue	is	disrupted	by	obesity	(Lin,	Hirai	et	al	2013).	

	

	

	

	

	

	

	

	

	

Figure	1.2.	Cytokines	in	the	pathophysiology	of	the	metabolic	syndrome.	Adapted	

from	Rizvi	(2009).	IL	=	interleukin,	CRP	=	C-reactive	protein,	PAI-1	=	plasminogen	

activator	inhibitor-1,	TNF-α	=	tissue	necrosis	factor	alpha,	SAA	=	serum	amyloid	A.	
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Hepatic	 insulin	 resistance	 leads	 to	 disordered	 synthetic	 function.	 In	 particular,	 hepatic	

secretion	of	C-reactive	protein	and	plasminogen	activator	 inhibitor-1,	both	of	which	are	pro-

inflammatory	cytokines	with	substantial	evidence	to	link	them	to	increased	cardiovascular	risk	

(Goldberg	2009;	Meshkani	and	Adeli	2009;	Corrado,	Rizzo	et	al	2010).		

	

1.2.4.5 Vitamin	D	

Vitamin	D	was	traditionally	been	viewed	only	according	to	its	role	in	bone	mineral	and	calcium	

homeostasis,	but	increasing	evidence	from	observational	epidemiological	studies	now	links	its	

deficiency	 to	 a	 diverse	 variety	 of	 adverse	 health	 outcomes	 including,	 among	 others,	 some	

cancers	 (Bao,	 Ng	 et	 al	 2010;	 Jenab,	 Bueno-de-Mesquita	 et	 al	 2010),	 multiple	 sclerosis	

(Cantorna	2008),	psoriasis	(Wolters	2005),	systemic	lupus	erythematosus	(Wahono,	Rusmini	et	

al	2014),	open-angle	glaucoma	(Yoo,	Oh	et	al	2014),	childhood	asthma	and	allergy	(Wang,	Lee	

et	al	2013;	Comberiati,	Tsabouri	et	al	2014),	chronic	renal	disease	(Lucisano,	Buemi	et	al	2013),	

and	 recurrent	pregnancy	 loss	 (Ota,	Dambaeva	et	al	2014).	Furthermore,	a	 role	 for	vitamin	D	

within	 the	 regulation	 of	 inflammation	 has	 been	 demonstrated	 (Chen,	 Liu	 et	 al	 2013;	 Ota,	

Dambaeva	et	al	2014;	Sun,	Cao	et	al	2014),	which	raises	the	possibility	of	 links	with	diseases	

related	to	chronic	inflammation	such	as	metabolic	and	cardiovascular	disease.		

	

In	 terms	 of	 metabolic	 disease,	 a	 review	 and	 meta-analysis	 of	 28	 studies	 including	 almost	

100,000	 participants	 found	 significant	 inverse	 associations	 between	 vitamin	 D	 level	 and	 the	

risk	of	cardiovascular	disease	(pooled	odds	ratio	0.67),	the	metabolic	syndrome	(pooled	odds	

ratio	0.57),	and	T2DM	(pooled	odds	ratio	0.45)	(Parker,	Hashmi	et	al	2010).	A	role	for	vitamin	D	

in	 metabolic	 disease	 is	 also	 supported	 by	 our	 group’s	 recent	 discovery	 of	 an	 association	

between	a	vitamin	D	receptor	(GC)	gene	polymorphism	and	non-alcoholic	fatty	liver	disease	in	

adolescents	 (Adams,	White	 et	 al	 2013;	 Appendix	 1).	 Vitamin	D	may	 also	 interact	with	 other	

metabolic	pathways	such	as	adipocytokines,	 resulting	 in	obesity	 in	vitamin	D	deficient	 states	
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(Walker,	 Ricotti	 et	 al	 2014),	 and	 regulation	 of	 the	 transcription	 of	 insulin-sensitive	 genes	 in	

diabetes	(Alkharfy,	Al-Daghri	et	al	2013).	

	

Vitamin	D	deficiency	is	common	in	Australia,	affecting	up	to	30	to	50%	of	adults	(Nowson	and	

Margerison	2002).	Older	adults,	institutionalised	individuals,	shift	workers,	dark-skinned	races,	

and	veiled	women	are	at	particular	risk	due	to	their	reduced	ability	to	gain	sufficient	sunlight	

exposure	 to	 maintain	 adequate	 vitamin	 D	 levels	 (Nowson,	 McGrath	 et	 al	 2012).	 Given	 the	

strong	 associations	 between	 vitamin	 D	 levels	 and	 adverse	 health	 outcomes,	 vitamin	 D	

supplementation	 seems	 an	 obvious	 intervention	 to	 reduce	 metabolic	 disease	 risk.	 This	

promise,	however,	has	not	been	borne	out	in	recent	large	scale	interventional	studies	(Bolland,	

Grey	et	al	2014).	Moreover,	an	exhaustive	umbrella	review	of	the	evidence	 linking	vitamin	D	

status	 and	 disease	 now	 suggests	 that	 consistently	 convincing	 and	 high-level	 evidence	 for	

vitamin	D	status	and	disease	outcomes	 is	 lacking,	although	an	association	with	a	selection	of	

outcomes	 is	 thought	 likely	 (Theodoratou,	 Tzoulaki	 et	 al	 2014).	 It	 seems,	 given	 these	 recent	

findings,	that	vitamin	D	supplementation	is	not	 likely	to	be	the	panacea	that	 it	was	hoped	to	

be.	

	

1.2.4.6 Genetics	

There	 is	 a	 clear	 role	 for	 genetics	 in	 the	 pathogenesis	 of	 the	 metabolic	 syndrome,	 with	 the	

observed	variations	in	disease	phenotypes	despite	apparently	similar	risk	factors	attributed	to	

genetic	variation.	The	exact	molecular	mechanisms	of	these	genetic	associations	remain	to	be	

determined,	 but	 likely	 involve	 complex	 networks	 of	 interactions	 between	 many	 genes	 and	

environmental	 factors.	These	are	not	 the	 result	of	variation	within	a	 single	gene	but,	 rather,	

polygenic	 –	 a	 complex	 interplay	 of	 multiple	 genes,	 within	 multiple	 organ	 systems	 and	

endocrine	 pathways,	 each	 with	 a	 small	 contribution	 to	 the	 overall	 genetic	 effect.	 Recent	

technological	 advances	 in	 genetic	 research	 provide	 the	 ability	 to	 identify	 contributors	 to	

complex	 polygenic	 conditions	 such	 as	 the	metabolic	 syndrome.	Moreover,	 genetics	 has	 the	
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potential	to	provide	new	insight	into	the	mechanisms	underlying	the	disease.	These	concepts	

are	further	developed	in	section	1.4,	below.	

	

1.2.5 Clinical	features	of	interest	to	this	study	

Irrespective	of	whether	we	eventually	accept	the	metabolic	syndrome	as	a	clinically	important	

entity	 distinct	 from	 its	 components	 (or	 abandon	 this	 label	 in	 favour	 of	 adopting	 other	

cardiovascular	 and	 metabolic	 risk	 classifications)	 there	 is	 no	 doubt	 that	 the	 component	

metabolic	abnormalities	of	 the	syndrome	contribute	 to	disease	risk.	For	 the	purposes	of	 this	

thesis	 I	 have	 focussed	 upon	 three	 metabolic	 phenotypes	 as	 outcome	 measures.	 These	

phenotypes	 –	 obesity,	 insulin	 resistance,	 and	 non-alcoholic	 fatty	 liver	 disease	 –	 are	 all	

independently	associated	with	increased	risks	of	cardiovascular	disease	(Hamaguchi,	Kojima	et	

al	2007b;	Bruce	and	Byrne	2009;	Mathieu,	Lemieux	et	al	2010)	and	T2DM	(Abate,	Garg	et	al	

1995;	Adams,	Waters	et	al	2009;	Bruce	and	Byrne	2009)	and	are,	therefore,	more	appropriate	

outcomes	to	assess	in	a	study	population	too	young	to	have	established	cardiovascular	disease	

or	T2DM.	Each	of	these	phenotypes	is	well	characterised	in	the	participants	of	the	longitudinal	

cohort	 study	 in	 which	 the	 work	 of	 this	 thesis	 was	 performed,	 the	 Western	 Australian	

Pregnancy	Cohort	(Raine)	Study.	

	

1.2.5.1 Obesity	

Obesity	 is	 the	 most	 consistent	 feature	 of	 the	 metabolic	 syndrome.	 It	 is	 variably	 defined	 in	

different	 populations,	most	 commonly	 by	 body	mass	 index	 (BMI),	 which	 takes	 into	 account	

stature	in	assessing	body	mass,	with	levels	greater	than	25	kg/m2	considered	overweight	and	

30	 kg/m2	 considered	 obese.	 Some	 studies	 in	 children	 report	 obesity	 as	 body	weight	 greater	

than	the	95th	centile	for	age.	Cole	et	al	(2000)	proposed	the	most	statistically	elegant	definition	

for	childhood	obesity	by	 identifying	age-based	BMI	values	which	track	to	a	BMI	of	25	and	30	

kg/m2	 at	 age	 18	 years,	 but	 this	 approach	 is	 not	 yet	 widely	 reported	 in	 the	 literature.	 Yet	

another	definition	is	by	waist	circumference,	which	is	variable	across	ethnic	groups,	but	makes	
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an	attempt	to	better	describe	the	abdominal	obesity	which	is	thought	to	be	of	more	metabolic	

significance	than	diffusely	distributed	adiposity.	The	latter	is	the	favoured	among	proponents	

of	the	metabolic	syndrome	as	a	distinct	disease	entity.	

	

Obesity	 is	 of	 major	 public	 health	 significance	 globally,	 including	 in	 Australia.	 The	 Australian	

Bureau	 of	 Statistics	 (2013)	 found	 that	 28%	 of	 adults	 and	 7%	 of	 children	 were	 obese.	 The	

prevalence	 of	 obesity	 in	 Australia	 has	 increased	 significantly	 during	 recent	 decades	 (Figure	

1.3).	This	trend	is	mirrored	worldwide,	 in	both	high	and	low	resource	countries,	such	that	by	

2015	the	World	Health	Organisation	(2010)	predicted	that	over	700	million	people	worldwide	

would	be	obese.	This	has	a	large	economic	burden,	in	the	billions	of	dollars	per	year,	in	terms	

of	increased	health	care	expenditure,	early	mortality,	and	employee	absenteeism.	

	

Obesity	 is	 predictive	 of	 all-cause	 mortality,	 cardiovascular	 disease,	 T2DM,	 and	 cancer.	

Incidence	 of	 these	 conditions	 is	 relatively	 stable	 within	 the	 BMI	 range	 of	 20-25	 kg/m2,	

increasing	 in	a	 linear	 fashion	 from	25-30	kg/m2	and	then	 increasing	exponentially	beyond	30	

kg/m2	(Figure	1.4)	(Calle,	Thun	et	al	1999).		

	

Obesity	is	not	only	associated	with	cardiovascular	disease	due	to	common	precursors	but	has	a	

direct	 role	 in	 the	pathogenesis.	 Free	 fatty	acids,	 adipocytokines,	 and	 inflammatory	 cytokines	

secreted	 from	 dysfunctional	 adipose	 tissue,	 in	 particular	 abdominal	 fat,	 promote	

cardiovascular	disease	via	a	number	of	postulated	mechanisms.	Ectopic	 fat	deposition	within	

the	myocardium,	a	 result	of	 leptin	 resistance,	 is	 associated	with	 left	 ventricular	hypertrophy	

that	 promotes	 hypertension.	 Lipotoxic	 cell	 damage	 within	 the	 heart	 and	 blood	 vessels	 is	

associated	 with	 hypertension,	 cardiac	 dysfunction,	 and	 atherosclerosis.	 Inflammatory	

cytokines	 and	 lipid	mediators	 lead	 to	 endothelial	 dysfunction,	which	 subsequently	 results	 in	

decreased	 vascular	 compliance	 and	hypertension	 (Galic,	Oakhill	 et	 al	 2010;	 Iyer,	 Fairlie	 et	 al		

2010).	These	agents	also	cause	direct	endovascular	cell	injury	leading	to	atherosclerosis	
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Figure	1.3.	Prevalence	of	obesity	in	Australian	adults	1995	to	2012.		

(Source:	Australian	Bureau	of	Statistics	2013)	

Figure	1.4.	All-cause	mortality	versus	body	mass	index.		

(Data	from	Calle,	Thun	et	al	1999)		
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and	 atherosclerotic	 plaque	 disruption	 precipitating	 platelet	 and	 thrombin	 aggregation	 and	

acute	ischaemic	events	(Kirk	and	Klein	2009).	In	addition	to	these	direct	mechanisms,	obesity	

influences	 cardiovascular	 disease	 indirectly	 through	 insulin	 resistance,	 disturbed	 lipoprotein	

metabolism,	and	increased	cardiovascular	demand	(Gade,	Schmit	et	al).		

	

Obesity	is	an	important	feature	of	the	metabolic	syndrome	however	not	all	obese	individuals	

fulfil	the	other	diagnostic	criteria.	Prevalence	of	the	other	features	of	the	metabolic	syndrome	

increases	 proportionately	 to	 the	 degree	 of	 obesity,	 as	 is	 expected	 given	 that	 obesity	

contributes	 to	 the	 pathogenesis	 of	 the	 other	 factors.	 Whilst	 obesity	 alone	 is	 predictive	 of	

cardiovascular	 disease	 and	 T2DM	 (Zhang,	 Rexrode	 et	 al	 2008),	 its	 combination	 with	 other	

metabolic	abnormalities	indicates	higher	risk	(Cameron	2010).	Obese	individuals	without	other	

metabolic	abnormalities	may	be	viewed	 in	 two	ways:	as	“healthy	obese”	 (Bluher	2010)	or	as	

simply	as	those	in	whom	metabolic	abnormalities	will	inevitably	develop	but	have	yet	to	do	so	

(Cameron	2010).	These	 individuals	represent	a	group	who	maintain	normal	 insulin	sensitivity	

despite	 obesity.	 Regardless	 of	 the	 viewpoint,	 identifying	 obese	 individuals	 without	 other	

metabolic	 abnormalities	 provides	 a	 useful	 clinical	 window	 of	 opportunity	 to	 address	 the	

lifestyle	contributors	to	obesity	in	an	effort	to	modify	these	factors	and	reduce	the	progression	

to	the	metabolic	syndrome	and	its	associated	cardiovascular	and	other	diseases.	If	there	truly	

is	 a	 subgroup	 who	 will	 continue	 to	 maintain	 insulin	 sensitivity	 and	 never	 progress	 to	 the	

metabolic	syndrome,	the	adverse	health	impacts	of	obesity	alone	warrant	intervention	(Ritchie	

and	Connell	2007;	Zhang,	Rexrode	et	al	2008;	Cameron	2010;	Koster,	Stenholm	et	al	2010).	

	

1.2.5.2 Insulin	resistance	

Insulin	 resistance,	 proposed	 originally	 by	 Reaven	 (1988)	 as	 the	 common	 underlying	

pathophysiology	 of	 all	 components	 of	 the	 metabolic	 syndrome,	 is	 also	 a	 key	 clinical	

phenomenon	 of	 increasingly	 recognised	 significance	 in	 its	 own	 right	 (Ceriello	 2008).	 	 The	

contribution	 of	 insulin	 resistance	 to	 the	 development	 of	 overt	 diabetes	 mellitus	 has	 been	
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recognised	since	the	1930s	when	the	difference	between	type	1	and	2	diabetes	was	described	

as	 “deficiency	 of	 insulin	 or	 …	 insensitivity	 to	 insulin”	 (Himsworth	 1939).	 Decades	 on,	 the	

mechanism	of	insulin	resistance	is	known	to	be	related	to	complex	insulin	receptor	and	post-

receptor	 defects	 in	 insulin	 signalling	 leading	 to	 a	 reduction	 in	 effect	 of	 insulin	 upon	 cells	

(Peppa,	Koliaki	et	al	2010).		

	

The	 control	 of	 the	 blood	 glucose	 level	 is	 but	 one	 of	 the	 functions	 of	 insulin,	 and	 insulin	

resistance	is	important	beyond	its	association	with	hyperglycaemia.	Insulin	sensitivity	may	vary	

between	tissues	with	tissue-specific	insulin	resistance	modulating	the	phenotype	of	metabolic	

disease	 (Muniyappa,	 Montagnani	 et	 al	 2007;	 Hu	 and	 Liu	 2014).	 In	 the	 person	 with	 normal	

pancreatic	 beta	 cell	 function,	 increasing	 insulin	 secretion	 is	 able	 to	 compensate	 for	 relative	

insulin	 insensitivity,	 but	 this	 hyperinsulinaemia	 is	 associated	 with	 adverse	metabolic	 effects	

(Kashyap	and	Defronzo	2007).	Individuals	develop	hyperglycaemia	associated	with	T2DM	when	

their	beta	cell	function	is	unable	to	meet	insulin	requirements,	either	due	to	decreased	insulin-

secreting	 capacity	or	 increased	 insulin	 resistance.	 The	progression	 from	 the	normoglycaemic	

insulin	 resistance	 to	 overt	 T2DM	 may	 take	 many	 years,	 during	 which	 time	 significant	

cardiovascular	 damage	 related	 to	 insulin	 resistance	 may	 have	 occurred.	 Identifying	 insulin	

resistant	 individuals	 before	 the	 progression	 to	 T2DM	 offers	 two	 advantages:	 firstly,	 the	

capacity	to	implement	interventions	to	prevent	the	development	of	overt	T2DM	and,	secondly,	

the	ability	to	improve	insulin	sensitivity	and	reduce	the	adverse	cardiovascular	and	metabolic	

effects	of	insulin	resistance	and	hyperinsulinaemia	other	than	T2DM	(Ryden,	Standl	et	al	2007;	

Surampudi,	John-Kalarickal	et	al	2009).	

	

Insulin	resistance	may	be	assessed	in	several	ways.	For	the	research	presented	in	this	thesis	I	

have	 used	 fasting	 glucose	 and	 insulin	 as	 well	 as	 homeostasis	 model	 assessment	 of	 insulin	

resistance	(HOMA-IR),	a	derived	value	calculated	using	the	formula	by	Matthews	et	al	(1985):	

𝐻𝑂𝑀𝐴 − 𝐼𝑅 =
𝑔𝑙𝑢𝑐𝑜𝑠𝑒	 𝑚𝑚𝑜𝑙𝐿34 ×𝑖𝑛𝑠𝑢𝑙𝑖𝑛	(𝑚𝐼𝑈𝐿34)

22.5
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HOMA-IR	was	developed	as	 a	 simple	measure	of	 insulin	 resistance	 calculated	 from	a	 fasting	

blood	 sample	 and	 validated	 against	 more	 invasive	 measurements	 such	 as	 euglycaemic	 and	

hyperglycaemic	clamp	methods.		

	

1.2.5.3 Non-alcoholic	fatty	liver	disease	

Non-alcoholic	fatty	liver	disease	(NAFLD)	has	been	described	as	“the	hepatic	manifestation	of	

the	 metabolic	 syndrome”	 (Brunt	 2010).	 It	 encompasses	 a	 broad	 spectrum	 of	 liver	 disease	

ranging	from	steatosis	without	 inflammatory	 injury	(non-alcoholic	fatty	 liver,	NAFL)	to	severe	

disease	 involving	 inflammatory	 hepatocellular	 injury	 and	 necrosis	 (non-alcoholic	

steatohepatitis,	NASH)	with	 scarring	 and	 the	potential	 for	 long-term	consequences	 including	

cirrhosis,	hepatic	failure,	and	hepatocellular	carcinoma.	Whilst	not	included	in	any	of	the	major	

diagnostic	 definitions	 of	 the	 metabolic	 syndrome,	 NAFLD	 has	 similar	 underlying	

pathophysiology	 relating	 to	 insulin	 resistance	 and	 obesity	 (Asrih	 and	 Jornayvaz	 2013)	 and	 is	

frequently	found	in	association	with	other	metabolic	syndrome	features	(Tarantino	and	Finelli	

2013).	Adams	et	 al	 (2009)	demonstrated	 in	a	Western	Australian	population	 that	 individuals	

with	NAFLD	without	 the	metabolic	 syndrome	have	 a	 three-fold	 increased	 risk	 of	 developing	

the	metabolic	syndrome	within	11	years.	It	is	associated	with	subclinical	atherosis	independent	

of	 other	 vascular	 risk	 factors	 (Oni,	 Agatston	 et	 al	 2013).	 NAFLD	 outperforms	 the	metabolic	

syndrome	 in	 multivariate	 analyses	 predicting	 the	 development	 of	 cardiovascular	 disease	

(Hamaguchi,	Kojima	et	al	2007b).	

	

NAFLD	is	associated	with	metabolic	disease	 in	two	ways.	Firstly,	there	are	shared	pathogenic	

mechanisms	 for	 both	 NAFLD	 and	 other	 components	 of	 the	 metabolic	 syndrome,	 including	

insulin	 resistance	 and	 obesity.	 Secondly,	 impaired	 hepatic	 function	 may	 contribute	 to	 the	

pathophysiology	 underlying	 metabolic	 abnormalities.	 In	 particular,	 glucose	 and	 triglycerides	

are	produced	in	excessive	quantities	within	the	steatotic	liver,	increasing	the	risk	for	T2DM	and	

atherogenic	dyslipidaemia,	respectively	(Yki-Jarvinen	2014).		



Chapter	1	-	Literature	review	and	thesis	outline	

27	

The	 prevalence	 of	NAFLD	 varies	 across	 populations,	 but	 is	 thought	 to	 be	 the	most	 common	

cause	 of	 chronically	 raised	 serum	 transaminases	 worldwide	 (Oh	 and	 Hustead	 2011).	 Data	

suggest	a	prevalence	between	15	and	30%	 in	high	 resource	 settings	 such	as	Australia	 (Lewis	

and	 Mohanty	 2010).	 There	 is	 some	 difficulty	 in	 comparing	 epidemiological	 data	 regarding	

NAFLD	due	to	differences	in	diagnostic	criteria	between	studies.	The	gold	standard	diagnostic	

technique	 is	 histological	 examination	 of	 a	 liver	 biopsy,	 demonstrating	 steatosis	 greater	 than	

5%,	but	this	is	prohibitively	invasive	in	population	studies	(Patton,	Sirlin	et	al	2006).	Attempts	

to	formulate	less	invasive	diagnostic	criteria	have	resulted	in	variation.	For	example,	Adams	et	

al	 (2009)	 defined	NAFLD	 as	 the	 presence	 of	 elevated	 serum	 alanine	 aminotransferase	 (ALT)	

after	 the	exclusion	of	 excess	 alcohol	 consumption	and	 viral,	 autoimmune,	or	metabolic	 liver	

disease,	thought	to	correlate	with	histological	NAFLD	in	90%	of	cases.	Imaging	modalities	can	

improve	the	detection	rate:	ultrasound	 is	 the	 least	expensive	of	 these	but	 is	 less	sensitive	at	

steatosis	levels	less	than	30%;	magnetic	resonance	imaging	shows	high	histological	correlation	

and	is	sensitive	to	steatosis	levels	as	low	as	3%,	but	this	technique	is	more	expensive	and	less	

widely	available	as	a	research	tool	(Lewis	and	Mohanty	2010).	In	the	new	research	reported	in	

this	 thesis,	 I	 use	 the	 sonographic	 criteria	 of	 Hamaguchi	 et	 al	 (2007a)	 to	 define	 NAFLD.	 This	

method	has	been	well	 validated	 in	 the	non-invasive	diagnosis	of	 subsequently	histologically-

confirmed	 NAFLD,	 with	 an	 area	 under	 the	 receiver	 operating	 characteristic	 curve	 of	 0.98,	

sensitivity	91.7%	and	specificity	100%.	

	

Of	concern,	NAFLD	is	increasing	in	prevalence	by	any	definition,	paralleling	the	rise	in	obesity,	

and	affecting	both	high	and	low	resource	nations	alike	(Preiss	and	Sattar	2008;	Mohan,	Farooq	

et	 al	 2009).	 Children	 and	 adolescents	 demonstrate	 the	 same	 rising	 prevalence	 (Ozturk	 and	

Soylu	 2014).	 In	 conjunction	 with	 other	 metabolic	 syndrome	 related	 abnormalities,	 this	

forebodes	a	large	future	burden	of	metabolic	disease	and	its	complications	(Patton,	Sirlin	et	al	

2006).	Also,	 long-term	 liver	dysfunction	 in	 these	 individuals	 increases	 the	 risk	of	 severe	 liver	

disease,	 including	 hepatic	 failure	 requiring	 transplantation	 and	 hepatocellular	 carcinoma	
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(Wang,	Li	et	al	2013).	Indeed,	Feldstein	et	al	(2009)	demonstrated	a	reduced	life	expectancy	in	

children	diagnosed	with	NAFLD,	reflecting	the	serious	conditions	that	NAFLD	may	precede	and	

that	it	is	of	greater	significance	than	simply	as	a	marker	of	metabolic	ill	health.	

	

1.2.6 Summary	

The	metabolic	syndrome	is	a	global	pandemic	of	substantial	health	and	socioeconomic	burden.	

Despite	 large	 investment	and	scientific	progress	 in	the	understanding	of	the	pathophysiology	

of	 metabolic	 disease,	 traditional	 lifestyle	 modifications	 have	 not	 proven	 successful	 at	 a	

population	 level	 of	 controlling	 the	 increase	 in	 its	 prevalence.	 Secondary	 prevention	 of	 the	

associated	 cardiovascular	 and	 diabetic	 morbidity	 and	 mortality	 in	 those	 with	 established	

metabolic	 syndrome	 is	 expensive	 and	ultimately	 ineffective	 in	 the	majority	 of	 sufferers.	 The	

old	 adage	 “prevention	 is	 better	 than	 cure”	 certainly	 applies	 in	 this	 situation,	 and	 new	

approaches	 to	 the	 primary	 prevention	 of	 the	metabolic	 syndrome	 are	 likely	 to	 be	 a	 key	 to	

halting	its	unrelentingly	increasing	prevalence.	

	

	

	
1.3 THE	DEVELOPMENTAL	ORIGINS	OF	HEALTH	AND	DISEASE	

	

1.3.1 Introduction	

An	association	between	the	early	life	environment	and	health	in	later	life	has	been	known	at	

least	since	the	time	of	Hippocrates.	Contemporary	research	in	this	field	grew	following	on	from	

the	seminal	work	of	David	Barker	and	colleagues	 in	England	 in	 the	1980s.	Barker	 found	 that	

the	 geographical	 pattern	 of	 adult	 ischaemic	 heart	 disease	 mortality	 matched	 that	 of	 infant	

mortality	 several	 decades	 earlier	 (Barker	 and	 Osmond	 1986b).	 The	 most	 common	 cause	 of	

infant	mortality	 at	 the	 time	 was	 low	 birth	 weight.	 This	 led	 to	 the	 “Barker	 hypothesis”	 that	

exposure	 to	 an	 intrauterine	 environment	 leading	 to	 poor	 fetal	 growth	 is	 associated	 with	
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metabolic	 changes	 that	 persisted	 into	 adulthood	 and	 increased	 the	 risk	 of	 ischaemic	 heart	

disease	(Barker	1988).		

	

This	initial	work	was	then	validated	across	several	populations	and	continuing	refinement	led	

to	 the	 coining	 of	 the	 term	 “Fetal	Origins	 of	 Adult	Disease”	 (Barker	 1992b;	Newnham	2007).	

Further	work	extended	this	theory	and	it	became	evident	that	early	life	impacts	upon	later	life	

disease	were	not	limited	to	pregnancy	but	also	the	maternal	preconception	environment	and	

early	 postnatal	 life.	 Barker	 (2004)	 named	 the	 “Developmental	 Origins	 of	 Adult	 Health	 and	

Disease”	 shortly	 followed	 by	 Gluckman	 and	 Hanson	 (2004)	 who	 used	 the	 phrase	

“Developmental	 Origins	 of	 Health	 and	 Disease”	 (DOHaD)	 theory,	 all	 to	 better	 incorporate	

these	influences	outside	of	the	fetal	period	upon	adult	health.	

	

Much	 scientific	 research	 now	 focuses	 on	 DOHaD	 across	 a	 wide	 range	 of	 fields	 from	 both	

clinical	 and	 basic	 science	 arenas.	 The	 implications	 of	 the	 research	 extend	 now	 to	 the	

development	 of	 public	 health	 policy	 and	 global	 recommendations	 about	 pregnancy	 and	

childhood	 care	 (Solomons	 2009).	 A	 large	 current	 thrust	 of	 the	 research	 focuses	 upon	

identifying	 the	 underlying	 biology	 of	 DOHaD	 in	 the	 hope	 that	 this	 might	 identify	 novel	

approaches	 to	 the	 prevention	 of	 the	 associated	 adult	 diseases.	 It	 is	 now	 clear	 that	 complex	

gene-environment	 interactions	 lie	 at	 the	 heart	 of	 this	 process	 (Bruce	 and	 Hanson	 2010;	

Roberts	2010).	

	

1.3.2 History	of	the	Developmental	Origins	of	Health	and	Disease	Theory	

1.3.2.1 Ancient	

Historical	works	 from	the	 time	of	Hippocrates	 link	 the	health	of	a	woman	during	pregnancy,	

the	 condition	 of	 the	 child	 at	 birth,	 and	 the	 growth	 of	 the	 infant	 to	wellbeing	 in	 adulthood.	

Attributed	 to	 Hippocrates,	 ‘Airs,	 Waters	 and	 Places’	 describes	 the	 association	 between	 an	

adverse	environment	during	pregnancy	and	the	ongoing	health	of	the	offspring,	noting	that:	
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“...	 In	 the	 first	 place,	 women	 who	 happen	 to	 be	 with	 child,	 and	 whose	

accouchement	should	take	place	 in	springs	 ...	have	feeble	and	sickly	children,	so	

that	they	either	die	presently	or	are	tender,	feeble,	and	sickly,	if	they	live.”	

	

1.3.2.2 Kermack	and	Forsdahl	

During	 the	 twentieth	 century	 a	 link	 between	 early	 life	 and	 adult	 health	 was	 proposed	 by	

several	 researchers	 (McMillen	 and	Robinson	2005).	 As	 early	 as	 1934,	 reductions	 in	 all-cause	

mortality	 in	Europe	were	 thought	 to	be	 related	 to	 improved	childhood	conditions	 (Kermack,	

McKendrick	 et	 al	 1934).	 Forsdahl	 (1977)	 later	 recognised	 an	 association	 between	 infant	

mortality	 rates	 and	 subsequent	 ischaemic	 heart	 disease	 decades	 later,	 insightfully	

hypothesising	 that	 poor	 early	 life	 nutrition	 may	 result	 in	 later	 life	 susceptibility	 to	 a	

mismatched	environment	of	nutritional	plenty.		

	

1.3.2.3 The	Barker	hypothesis	

It	was	not	for	another	decade	that,	with	the	recognition	in	1986	by	Barker	et	al	(1986b)	of	an	

association	 between	 low	 birth	 weight	 and	 adult	 cardiovascular	 disease,	 this	 area	 began	 to	

receive	substantial	research	interest.	In	his	analysis	of	trends	in	mortality	across	geographical	

regions	of	England	and	Wales,	Barker	found	that	the	areas	with	the	highest	mortality	rates	due	

to	 ischaemic	 heart	 disease	 were	 the	 same	 as	 those	 that	 had	 the	 highest	 rates	 of	 infant	

mortality	decades	earlier.	The	most	common	cause	of	infant	death	at	the	time	was	“low	birth	

weight”	and	 the	 “Barker	hypothesis”	was	 formulated,	 suggesting	 that	events	 contributing	 to	

low	birth	weight	also	contributed	to	the	development	of	cardiovascular	disease	 in	adulthood	

(Figure	 1.5)	 (Barker	 2007).	 Reflection	 upon	 previous	 research	 and	 the	 continued	 work	 of	

Barker	 and	 others	 developed	 this	 theory	 by	 confirming	 these	 associations	 across	 various	

cohorts	 (Forsdahl	 1977;	 Notkola,	 Punsar	 et	 al	 1985;	 Barker	 and	Osmond	 1986a;	 Barker	 and	

Osmond	1987b;	Barker	and	Osmond	1987a;	Barker	1988).	
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1.3.2.4 The	Fetal	Origins	of	Adult	Disease	

Continuing	work	demonstrated	associations	with	an	increasing	number	of	adult	diseases.	This	

led	 to	 the	 proposal	 in	 1992	 of	 the	 “Fetal	 Origins	 of	 Adult	 Disease”	 theory	 which	 expanded	

upon	the	Barker	hypothesis	to	acknowledge	that	impacts	upon	the	fetus	had	the	potential	to	

affect	a	variety	of	adult	diseases	(Barker	1992a;	Barker	and	Martyn	1992).	

	

1.3.2.5 The	Developmental	Origins	of	Health	and	Disease	

The	 field	 continued	 to	 grow	 as	 evidence	 mounted	 across	 various	 populations,	 species,	 and	

diseases.	By	early	in	the	new	millennium	it	was	clear	that	adult	outcomes	were	related	to	both	

specific	 diseases	 and	 overall	 wellbeing,	 and	 were	 associated	 not	 only	 with	 the	 fetal	

environment	but	also	with	those	of	 the	preconception	period	and	early	childhood.	To	better	

acknowledge	 these	 factors	Gluckman	and	Hanson	 (2004)	 coined	 the	phrase	 “Developmental	

Origins	of	Health	and	Disease”	as	the	field	is	now	most	commonly	known.	

	

1.3.3 Mechanisms	of	DOHaD	

One	principle	underlying	the	DOHaD	phenomenon	is	that	of	“developmental	plasticity”	–	the	

notion	 that	a	 range	of	phenotypes	 can	 result	 from	 the	 same	genotype	as	a	 result	of	altered	

environmental	 exposures	 during	 an	 organism’s	 development	 (Barker	 1989;	 Gluckman	 and	

Hanson	 2006).	 In	 the	 human	 and	 in	 the	 DOHaD	 realm,	 this	 plasticity	 manifests	 as	 altered	

disease	risk	 in	 later	 life.	Developmental	plasticity	can	be	organ	and	tissue	specific,	relating	to	

the	 nature	 and	 timing	 of	 the	 environmental	 stimulus	 in	 relation	 to	 maturation	 in	 tissue	

function,	 with	 various	 organ	 systems	 impacted	 to	 different	 extents	 at	 different	 stages	 of	

development	(Tang,	Smith-Caldas	et	al	2011;	Koyama,	Mendes	et	al	2013).	The	persistence	of	

changes	requires	permanent	changes	in	cellular	microenvironment	(Bhat	and	Bissell	2014).	The	

phenomenon	 of	 developmental	 plasticity	 can	 be	 potentially	 exploited,	 by	 introducing	 the	

correct	environmental	influences	are	the	correct	time	to	induce	a	desirable	long-term	change	

in	cellular	function.		
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Figure	1.5.	Relationship	between	early	life	growth	and	adult	cardiovascular	disease.	

(a)	Relationship	between	birth	weight	and	death	from	ischaemic	heart	disease.	

(b)	Relationship	between	weight	at	1	year	and	death	from	ischaemic	heart	disease.	

(Data	from	Barker	1988)	
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The	association	with	 low	birth	weight	does	not	necessarily	 reflect	 a	 causal	 role	of	 abnormal	

fetal	 growth	 in	 the	 development	 of	 disease	 but,	 rather,	 abnormal	 fetal	 growth	 is	 but	 one	

measure	 of	 an	 abnormal	 intrauterine	 environment,	 exposure	 to	 which	 induces	 phenotypic	

variation	 leading	 to	 altered	 disease	 risk.	 Developmental	 plasticity	 is	 a	 well-recognised	

phenomenon	 in	 non-human	 species,	 with	 substantial	 animal	 evidence	 of	 the	 environmental	

impact	upon	gene	expression	and	phenotype	(West-Eberhard	2005;	Clabaut,	Herrel	et	al	2009;	

Scoville	and	Pfrender	2010).		

	

Plasticity	 is	 time-dependent	and	can	only	 take	place	during	critical	periods	of	organogenesis.	

For	example,	brain	development	 takes	place	over	a	 longer	period	 than	cardiac	development	

and	 environmental	 impacts	 only	 result	 in	 changes	 to	 cardiac	 structure	when	 present	 during	

earlier	development	compared	to	those	which	may	produce	neurological	changes	(Hoverman	

and	 Relyea	 2007).	 Periods	 of	 plasticity	 may	 vary	 between	 the	 structural	 and	 functional	

development	of	 an	organ,	 however.	 For	 example,	whilst	 structural	 development	of	 the	 fetal	

heart	is	complete	relatively	early	in	gestation,	late	insults	may	alter	terminal	cardiac	myocyte	

differentiation	 leading	 to	 more	 subtle	 functional	 changes.	 	 The	 physiological	 regulation	 of	

metabolism	 and	 inflammation	 is	 relatively	 late	 to	 develop	 and	 is,	 therefore,	 subject	 to	

environmental	 influences	 for	 much	 of	 the	 early	 life	 period	 and	 more	 susceptible	 to	

perturbations	resulting	in	later	disease.	

	

Gluckman	 and	 Hanson	 (2006)	 describe	 an	 important	 distinction	 in	 this	 observation,	 that	

between	developmental	adaptation	and	developmental	disruption.	Not	all	plasticity	results	in	

advantageous	changes	for	the	developing	organism	and	in	some	cases	changes	are	the	result	

of	 environmental	 damage	 to	 normal	 developmental	 processes,	 as	 in	 teratogenesis.	 It	 is	

important	 to	 consider	 that	 deleterious	 effects	 of	 environment	 on	 phenotype	may	 represent	

subtle	changes	resulting	 from	developmental	disruption,	 rather	 than	an	adaptation	to	better	

suit	 an	 environment.	 Experimental	 evidence	 must	 take	 this	 into	 account;	 however,	
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developmental	plasticity	that	occurs	at	a	certain	point	may	confer	an	advantage	at	one	point	

but	a	change	in	environment	may	render	that	adaptation	harmful,	especially	if	 it	occurs	after	

the	window	of	plasticity,	preventing	a	reversal	of	the	phenotypic	expression.	This	“trade-off”	is	

the	basis	of	the	“thrifty	phenotype”	hypothesis,	discussed	below.		

	

1.3.3.1 Developmental	“trade-off”	

Waddington	described	“homeorrhesis”	in	1957	(cited	in	Gluckman	and	Hanson	2006)	as	long-

term	change	to	a	phenotypic	developmental	trajectory	as	a	response	to	prolonged	exposure	to	

an	 adverse	 environment,	 as	 opposed	 to	 a	 short-term	 change	 in	 response	 to	 a	 brief	

environmental	exposure	that	has	no	extended	consequences.	A	trade-off	exists	when	a	change	

has	 immediate	 advantage	 but	 later	 disadvantage.	 This	 is	 best	 illustrated	 in	 humans	 by	 two	

observations.	Firstly,	children	born	after	experiencing	fetal	growth	restriction	who	have	slower	

growth	 trajectories	postnatally	enter	puberty	earlier	 than	 their	normally	grown	counterparts	

(Da	 Silva,	 Aitken	 et	 al	 2001).	 A	 trade-off	 exists	 that	 allows	 survival	 under	 poor	 nutrition	 but	

results	 in	 poor	 postnatal	 growth.	 Earlier	 reproductive	 development	 confers	 evolutionary	

advantage	by	allowing	the	individual	to	reproduce	even	under	poor	developmental	conditions.	

Secondly,	growth	restricted	fetuses	may	undergo	“rescue	by	preterm	birth”	(Froen,	Pinar	et	al	

2007)	where	the	initiation	of	preterm	delivery	is	a	trade-off	which	allows	the	fetus	to	escape	

the	 hostile	 intrauterine	 environment	 and	 stillbirth,	 but	 exposes	 it	 to	 the	 challenges	 of	

prematurity.		

	

1.3.3.2 Predictive	adaptive	responses	

Gluckman	and	Hanson	(2004)	described	a	different	form	of	developmental	plasticity,	in	which	

the	developing	organism	makes	phenotypic	 adaptations	better	 suited	 to	 the	predicted	adult	

environment,	anticipated	from	signals	within	the	intrauterine	environment.	These	“predictive	

adaptive	 responses”	 do	 not	 confer	 benefit	 to	 the	 developing	 organism	 but,	 rather,	 better	

equip	 the	organism	 for	 adult	 life.	 The	association	with	adult	 survival	 advantage	 requires	 the	
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prediction	 of	 the	 adult	 environment	 to	 be	 accurate	 (Bateson	 2001).	 If	 an	 inappropriate	

predictive	 adaptive	 response	 is	 made,	 this	 may	 manifest	 as	 altered	 disease	 risk,	 as	 in	 the	

metabolic	disease	associated	with	fetal	growth	restriction.	Disordered	maternal-fetal-placental	

signalling	 between	 the	 in	 the	 case	 of	 maternal-placental	 disease	 may	 impair	 accurate	

prediction	 of	 the	 adult	 environment.	 Here,	 the	 fetus	 undernourished	 by	 a	 dysfunctional	

placenta	prepares	(by	becoming	insulin	and	leptin	resistant,	among	other	adaptations)	for	an	

extrauterine	 life	 of	 nutritional	 paucity	 but,	 when	 born	 into	 a	 mismatched	 environment	 of	

caloric	plenty,	develops	metabolic	disease.	

	

1.3.3.3 Postnatal	“catch-up”	growth	

Prader,	Tanner,	and	von	Harnack	(1963)	coined	the	term	“catch-up	growth”	as	a	description	of	

increased	 growth	 velocity	 in	 small	 children	 after	 the	 treatment	 of	 a	 disease	 limiting	 their	

growth,	suggesting	that	this	was	a	healthy	phenomenon.	However,	in	the	context	of	a	growth	

restricted	fetus,	growth	trajectories	during	infancy	were	found	epidemiologically	to	modulate	

the	effect	of	the	abnormal	intrauterine	growth	on	adult	disease,	with	the	highest	risk	in	those	

children	who	 gained	 the	most	weight	 in	 childhood	 (Figure	 1.6)	 (Eriksson,	 Forsen	 et	 al	 1999;	

Forsen,	 Eriksson	 et	 al	 1999).	 These	 associations	 were	 replicated	 experimentally,	 with	 rapid	

postnatal	 growth	associated	with	an	 increase	 in	adult	disease	 (Gluckman	and	Hanson	2006).	

Furthermore,	 the	 association	between	 accelerating	 infant	 growth	 and	 adult	 disease,	 even	 in	

those	of	normal	birth	weight,	suggests	that	the	period	in	early	life	during	which	developmental	

plasticity	acts	extends	beyond	birth	into	infancy.	Given	this	postnatal	plasticity,	there	may	be	

potential	to	introduce	postnatal	interventions	to	modulate	the	risk	of	adult	disease.	
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Figure	1.6.	Catch-up	growth	is	associated	with	increased	cardiovascular	mortality.	

Relationship	between	ponderal	index	at	birth,	body	mass	index	at	age	11	years,	

and	hazard	ratio	of	death	from	cardiovascular	disease.	(Data	from	Forsen,	

Eriksson	et	al	1999)	
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Rifas-Shiman	 et	 al	 2001;	 Owen,	Martin	 et	 al	 2005).	 This	 protection	 is	 dose-responsive,	with	

greater	 benefit	 in	 those	 breastfed	 for	 longer	 durations	 (Harder,	 Bergmann	 et	 al	 2005)	 and	
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precise	 underlying	 mechanism	 by	 which	 infant	 nutrition	 modifies	 obesity	 risk	 is	 difficult	 to	

elucidate	given	 the	multiple	biological,	 environmental,	 genetic,	epigenetic,	 and	 social	 factors	

that	 are	 potentially	 involved	 (Thompson	 2012).	 It	 is	 likely	 that	 there	 are	 significant	

contributions	from	all	of	these	factors	(Figure	1.7).	So	far	there	is	evidence	to	demonstrate	an	

impact	 of	 early	 nutrition	 upon:	 i)	 metabolic	 programming	 (Anzman,	 Rollins	 et	 al	 2010);	 ii)	

epigenetic	 modification	 within	 the	 IGF	 axis	 (Waterland,	 Lin	 et	 al	 2006):	 and	 iii)	 hormonal	

pathways	including	insulin	and	adiponectin	(de	Zegher,	Sebastiani	et	al	2013).		

	

1.3.3.4.1 Behavioural	modifications	

In	high	 resource	 settings,	breastfeeding	 tends	 to	be	more	common	among	 those	 from	more	

affluent	 socioeconomic	 backgrounds	 (Thulier	 and	 Mercer	 2009),	 raising	 the	 possibility	 of	

confounding	 of	 associations	 by	 the	 higher	 rates	 of	 healthy	 lifestyle	 habits	 in	 these	 groups	

(Weyers,	 Dragano	 et	 al	 2010).	 There	 are,	 however,	 significant	 differences	 in	 the	 pattern	 of	

feeding	between	breast	and	formula	fed	infants	that	may	modulate	long-term	health.	Formula	

fed	 infants	 take	 larger	 volumes	of	 slightly	more	energy-dense	milk	 at	 less	 frequent	 intervals	

than	breastfed	 infants	 (Sievers,	Oldigs	et	al	2002).	Breastfed	 infants	 reduce	 their	milk	 intake	

when	 solid	 foods	 are	 introduced	whereas	 formula	 fed	 infants	 do	not,	 resulting	 in	 an	overall	

higher	 energy	 intake.	 These	 patterns	 are	 associated	 with	 more	 rapid	 postnatal	 weight	 gain	

(Mihrshahi,	 Battistutta	 et	 al	 2011)	 and	 a	 greater	 accumulation	 of	 adipocytes	 and	 fat	 mass	

(Harvey,	 Poole	 et	 al	 2007).	 In	 addition,	 the	 prolonged	 fasting	 associated	 with	 reduced	

overnight	feeding	in	formula	fed	infants	favours	relative	insulin	resistance	that	may	become	a	

programmed	 feature	of	 an	 individual’s	 later	metabolism.	Breastfed	 infants	 are	more	 able	 to	

determine	 their	 own	 nutritional	 intake	 but	 it	 is	 unclear	 whether	 this	 behavioural	 aspect	 of	

nutrition	is	maintained	beyond	breastfeeding	(Singhal	and	Lanigan	2007).	

	

	 	



Chapter	1	-	Literature	review	and	thesis	outline	

38	

1.3.3.4.2 Nutritional	composition	

There	are	substantial	micro-	and	macronutrient	differences	between	breast	and	formula	milk	

which	have	the	potential	to	 lead	to	altered	hormonal	responses	and	metabolic	programming	

(Singhal	and	Lanigan	2007).	For	example,	cow’s	milk	 formula	 is	significantly	higher	 in	protein	

than	human	breast	milk,	 stimulating	higher	 insulin	and	 IGF-1	 in	 formula	 fed	 infants	 (Rzehak,	

Grote	 et	 al	 2013).	 IGF-axis	 stimulation	 drives	 more	 rapid	 postnatal	 weight	 gain	 and	 this	

increase	in	weight	persists	after	withdrawal	of	the	relatively	high	protein	diet	(Michaelsen	and	

Greer	2014).	This	 change	 in	 insulin	 level	during	 the	window	of	developmental	plasticity	may	

persist	 into	 later	 life	 where	 hyperinsulinaemia	 is	 associated	 with	 increased	 obesity	 among	

other	 adverse	 metabolic	 consequences.	 Also,	 in	 contrast	 to	 formula	 milk,	 breast	 milk	

composition	changes	between	feeds	and	across	the	duration	of	breastfeeding.	It	 is	 likely	that	

this	 reflects	 differing	 nutritional	 requirements	 of	 infants	 at	 various	 times	 which	 are	 not	

addressed	by	the	constant	composition	of	formula	milk.		

	

	

	

Figure	1.7.	Pathways	linking	infant	nutrition	and	later	obesity	From:	Thompson	(2012).	
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Fat	 content	 is	 significantly	 different	 between	 breast	 milk	 and	 cow’s	 milk	 formula,	 both	

quantitatively	 and	 qualitatively.	 An	 infant	 diet	 of	 relatively	 low	 fat	 to	 carbohydrate	 ratio,	 as	

found	 in	 formula	 milk,	 is	 associated	 with	 a	 higher	 rate	 of	 adult	 obesity	 in	 animal	 models	

(Shahkhalili,	Mace	et	al	2011).		

	

Aside	from	the	nutritional	differences,	breast	milk	and	cow’s	milk	formula	differ	substantially	

in	their	non-nutrient	compositions,	with	breast	milk	containing	various	hormonal	mediators	of	

nutrition	 and	 metabolism	 such	 as	 leptin,	 ghrelin,	 and	 adiponectin.	 These	 non-nutritional	

components	may	determine	programming	of	metabolism	and	 account	 for	 the	differences	 in	

weight	gain	and	adiposity	distribution	seen	with	various	patterns	of	infant	feeding	(Thompson	

2012).	 Prebiotic	 substances	 such	 as	 human	 milk-oligosaccharides	 and	 immunomodulatory	

substances	 such	as	 long-chain	polyunsaturated	 fatty	acids	also	play	a	 role	 in	early	metabolic	

health	and	are	widely	different	between	human	and	bovine	milk.	

	

1.3.3.4.3 Growth	acceleration	

Singhal	 and	 Lucas	 (2004)	 proposed	 the	 “growth	 acceleration	 hypothesis”	whereby	 the	more	

rapid	growth	observed	in	formula	fed	infants	compared	to	exclusively	breastfed	infants	results	

in	 metabolic	 programming	 of	 insulin	 resistance,	 dyslipidaemia,	 hypertension,	 and	 obesity.	

Apparently	small	changes	in	weight	gain	in	a	very	short	period	of	postnatal	life	were	associated	

with	substantial	 changes	 in	endothelial	 function	of	 similar	magnitude	 to	 type	1	diabetes	and	

smoking.	 Differences	 in	 infant	 nutrition	 change	 the	 timing	 of	 the	 adiposity	 rebound	 in	

childhood	that	is	associated	with	an	altered	risk	of	later	obesity	(Oddy	2012).	

	

1.3.3.4.4 Intestinal	microbiome	

The	bacterial	flora	of	the	gastrointestinal	tract	has	gained	much	attention	in	recent	times	and	

may	 play	 a	 significant	 role	 in	 the	 developmental	 origins	 of	 metabolic	 disease.	 The	 gut	

microbiome	 is	 established	 early	 in	 postnatal	 life,	 determined	 by	 maternal	 factors	 such	 as	
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adiposity,	neonatal	hygiene,	and	early	 feeding,	and	 is	 then	relatively	stable	during	 infancy.	A	

major	 source	 of	 infant	 intestinal	 bacteria	 is	 the	 maternal	 intestinal	 flora,	 which	 may	 be	

modified	in	association	with	complications	of	pregnancy	such	as	obesity,	excessive	weight	gain,	

and	diabetes	(Collado,	Isolauri	et	al	2008;	Prince,	Antony	et	al	2014).		

	

Perturbations	in	the	infant	gut	microbiome,	in	particular	reduction	in	Bifidobacterium	species	

and	 replacement	 by	 coagulase	 positive	 staphylococci,	 may	 precede	 the	 development	 of	

obesity	in	childhood	(Kalliomaki,	Collado	et	al	2008).	This	is	thought	to	relate	to	the	influence	

which	gut	bacteria	have	upon	 the	metabolism	of	 complex	 indigestible	molecules	 into	 simple	

sugars	 and	 short-chain	 fatty	 acids	 with	 an	 impact	 upon	 the	 growth,	 adiposity,	 and	

immunological	development	of	the	host	(Saavedra	and	Dattilo	2012;	Thompson	2012;	Nauta,	

Ben	Amor	et	al	2013).	Infant	nutrition	is	a	major	determinant	of	the	gut	microflora,	which	vary	

significantly	 between	breast	 and	 formula	 fed	 infants,	with	Bifidobacterium	 and	 Lactobacillus	

the	 predominant	 genera	 in	 the	 former	 and	 Clostridium,	 Bacteroides,	 Enterobacteria	 and	

Enterococcus	more	common	 in	the	 latter.	This	variation	may	explain	some	of	 the	association	

between	breastfeeding	and	obesity	reduction.	

	

1.3.3.5 The	“thrifty	genotype”	hypothesis	

The	thrifty	genotype	hypothesis,	initially	proposed	as	a	purely	genetic	explanation	for	regional	

variation	 in	 insulin	 resistance,	 suggested	 that	 certain	populations	had	evolutionarily	 selected	

genetic	 insulin	resistance	that	allowed	them	to	cope	better	with	periods	of	nutritional	deficit	

(Figure	1.8).	Neel	 (1962)	suggested	that	this	 insulin	resistance	predisposed	these	populations	

to	 Type	 2	 diabetes	 in	 the	 presence	 of	modern-day	 nutritional	 abundance.	 A	modification	 to	

this	hypothesis	was	proposed	in	the	early	days	of	the	DOHaD	field	whereby	the	genes	thought	

responsible	for	the	insulin	resistance	could	also	explain	the	observed	changes	in	birth	weight.	

This	was	certainly	biologically	valid,	given	the	known	interplay	between	insulin	and	insulin-like	

growth	 factor-1	 (IGF-1)	 and	 the	 role	 of	 IGF-1	 in	 the	 regulation	 of	 fetal	 growth.	 Genetic	
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polymorphisms	must	play	a	role	in	DOHaD,	but	they	are	not	enough	alone	to	describe	all	of	the	

epidemiological	 evidence,	 in	 particular	 the	 consistency	 of	 associations	 across	 ethnic	

populations	 and	 the	 speed	 with	 which	 DOHaD	 manifests	 in	 socioeconomically	 transitioning	

populations	 (Gluckman	 and	 Hanson	 2006).	 Moreover,	 the	 array	 of	 evidence	 for	

“developmental	programming”	induced	by	environmental	change	highlights	the	importance	of	

a	place	for	environment	in	any	complete	theory	(Warner	and	Ozanne	2010).			

	

	

Figure	1.8.	The	thrifty	genotype	hypothesis.	(After	Neel	1962)	

	
	
1.3.3.6 The	“thrifty	phenotype”	hypothesis	

Hales	and	Barker	 (1992),	 in	 response	 to	 the	 inadequacies	of	 the	 thrifty	genotype	hypothesis,	

proposed	the	thrifty	phenotype	hypothesis	as	one	of	the	first	theories	to	explain	the	underlying	

physiology	 of	 their	 observed	 associations	 between	 the	 fetal	 environment	 and	 adult	 disease	

(Figure	 1.9).	 They	 proposed	 a	 mechanism	 by	 which	 the	 fetus	 exposed	 to	 intrauterine	
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developmental	mismatch	then	occurred	in	later	life	(in	the	presence	of	nutritional	abundance)	

where	the	fetal	adaptations	increased	risk	of	adult	disease.		

	

	

	

Figure	1.9.	The	thrifty	phenotype	hypothesis.	Diagrammatic	representation	of	the	thrifty	

phenotype	hypothesis	as	it	applies	to	type	2	diabetes	and	the	metabolic	syndrome.	

(Adapted	from	Hales	and	Barker	2001)	
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it	 explains	 the	 association	 between	 severe	 growth	 restriction	 and	 adult	 disease,	 it	 remains	

uncertain	 if	 it	 can	 account	 for	 observed	 changes	 in	 disease	 risk	 across	 the	 normal	 range	 of	
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growth.	For	example,	why	should	an	individual	with	a	birth	weight	on	the	30th	centile	have	an	

increased	 risk	 compared	 to	 one	 on	 the	 70th	 centile,	 as	 the	 early	 epidemiological	 data	

suggested,	 when	 both	 are	 clearly	 “normally”	 grown	 at	 birth	 (Barker	 1988;	 Gluckman	 and	

Hanson	2006)?	Regardless,	 it	 is	 increasingly	 clear	 that	 the	 relationship	between	birth	weight	

and	 subsequent	 disease	 risk	 extends	 across	 the	 birthweight	 spectrum,	 rather	 than	 being	

confined	to	the	extremes.	Furthermore,	the	thrifty	phenotype	hypothesis	does	not	explain	the	

observed	changes	in	adult	systems	that	provide	no	apparent	fetal	survival	advantage.	

	

1.3.3.7 The	fetal	insulin	hypothesis	

Hattersley	 and	 Tooke	 (1999)	 proposed	 the	 fetal	 insulin	 hypothesis	 along	 similar	 lines	 to	 the	

thrifty	 genotype	 hypothesis,	 suggesting	 that	 genetically	 determined	 insulin	 resistance	 could	

explain	 both	 fetal	 growth	 restriction	 and	 later	 glucose	 intolerance	 (Figure	 1.10).	 This	

acknowledges	 the	dual	 roles	of	 insulin	 as	 a	promoter	of	 fetal	 growth	and	as	 a	modulator	of	

blood	glucose	 level.	Where	an	 individual’s	genotype	conveys	a	relative	 insensitivity	to	 insulin	

this	 manifests	 initially	 as	 reduced	 insulin-driven	 fetal	 growth	 and	 subsequently	 as	

hyperglycaemia	and	T2DM.		

	

This	 theory	 is	 supported	 by	 the	 first	 genome-wide	 association	 study	 of	 birth	 weight,	 which	

demonstrated	 an	 association	 between	 the	minor	 allele	 of	 rs9883204	 in	ADCY5	 and	 reduced	

fetal	 growth	 (Freathy,	 Mook-Kanamori	 et	 al	 2010).	 This	 variant	 had	 previously	 been	

demonstrated	to	be	associated	with	an	increased	risk	of	adult	T2DM	(Dupuis,	Langenberg	et	al	

2010).		

	

1.3.3.8 Gene-environment	interactions	

Neither	of	the	“thrifty”	hypotheses	fully	explain	that	which	we	observe	epidemiologically	and	

experimentally.	Clearly	genotype	is	important	since	not	all	individuals	of	low	birth	weight	go	on	

to	 develop	 adult	 disease.	 Similarly,	 environment	 also	 plays	 a	 role	 given	 the	 rapid	 changes	
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observed	 during	 short	 periods	 of	 famine	 (Lumey	 1992)	 and	 with	 rapid	 population	

socioeconomic	transformation	(Prentice	and	Moore	2005).	Wells	(2003)	also	suggests	that	the	

two	 hypotheses	 are	 not	mutually	 exclusive,	 with	 genetics	 possibly	 explaining	 the	 long-term	

changes	in	entire	populations	and	environment	explaining	acute	changes	in	individuals.		

	

	

Figure	1.10.	The	fetal	insulin	hypothesis.	

	

In	defence	of	the	importance	of	environment	underlying	the	DOHaD	phenomenon,	Hales	and	

Barker	 (2001)	 acknowledged	 the	 role	 of	 genetics	 in	 every	 human	 disease.	 Indeed,	 they	

conceded	 that	 malaria	 and	 tuberculosis,	 among	 the	 most	 environmental	 of	 diseases,	 still	

affected	 individuals	 differently	 depending	 on	 their	 genetic	 susceptibility.	 However,	 they	

maintained,	 environmental	 exposure	 to	 the	 pathogen	 was	 the	 key	 factor	 in	 disease,	 and	

compared	this	to	gene-environment	interactions	in	DOHaD.	By	contrast,	Eriksson	et	al	 (2002)	

elegantly	demonstrated	the	 importance	of	gene-environment	 interactions	underlying	DOHaD	

in	demonstrating	an	association	with	the	combination	of	PPARG	polymorphisms	and	low	birth	

weight	with	adult	T2DM.	In	this	study,	neither	the	polymorphisms	nor	low	birth	weight	alone	
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were	 associated	with	 T2DM,	 but	 the	 combination	 of	 gene	 and	 environment	 resulted	 in	 the	

phenotype	 of	 disease.	 This	 confirmed,	 at	 least	 for	 this	 example,	 the	 combined	 roles	 for	

genetics	and	environment	underlying	DOHaD	phenomena.	

	

1.3.3.9 Genomic	variation	and	epigenetics	

The	 two	main	 areas	 of	 genetic	 interest	 in	 the	 DOHaD	 field	 are	 genomic	 variation,	 which	 is	

changes	 in	the	sequence	of	DNA,	and	epigenetics,	which	involves	changes	 in	the	structure	or	

function	of	DNA	rather	than	its	sequence.		

	

Genomic	polymorphism	may	affect	gene	function	in	two	main	ways.	Firstly,	sequence	variation	

in	 coding	 regions	 of	 genes	 can	 result	 in	 amino	 acid	 substitutions,	 which	 can	 change	 the	

structure	 and	 function	 of	 the	 protein	 products	 of	 the	 gene.	 Secondly,	 and	 probably	 more	

commonly,	 polymorphisms	 within	 non-coding	 regions	 of	 DNA,	 such	 as	 transcription	 factor	

binding	 sites,	may	 affect	 the	 expression	of	 proteins,	with	more	quantitative	 than	qualitative	

effects	on	the	protein	product	of	the	gene.		

	

Genomic	 variation	 is	 clearly	 important	 in	 DOHaD.	 Several	 studies	 have	 demonstrated	

associations	 between	 genetic	 polymorphisms,	 abnormal	 fetal	 growth,	 and	 adult	 disease	

(White,	 Ang	 et	 al	 2009;	 Bueno,	 Espineira	 et	 al	 2010;	 Sorensen,	 Aksglaede	 et	 al	 2010).	 The	

genetic	 regulation	 of	 both	 fetal	 growth	 and	 adult	 metabolic	 disease	 is	 complex,	 involving	

multiple	genes,	and	it	is	evident	that	the	genetic	mechanisms	underlying	their	association	will	

also	 be	 complex,	 with	 multiple	 variations	 across	 multiple	 genes	 each	 making	 a	 small	

contribution	to	the	phenotypic	outcome.		

	

Epigenetic	 phenomena,	 on	 the	 other	 hand,	 do	 not	 alter	 the	 genomic	 DNA	 sequence	 but	

involve	 changes	 to	 the	 structure	 and	 function	 of	 the	 DNA	 complex.	 Epigenetic	mechanisms	

enable	 developing	 organisms	 to	 produce	 disparate	 cellular	 phenotypes	 from	 the	 same	
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genotype	(Jirtle,	Skinner	et	al,	2007).	These	modifications	take	the	form	of	DNA	methylation,	

chromatin	 remodelling,	 covalent	 modifications	 to	 histones,	 parental	 imprinting,	 and	 X-

chromosome	inactivation	(Whitelaw	and	Garrick	2006).	

	

Epigenetic	 events	may	 explain	 the	 relationship	 between	 an	 individual’s	 genetic	 background,	

the	environment,	aging,	and	disease.	Whilst	a	DNA	sequence	always	remains	the	same,	cells	in	

a	 specific	 tissue	 have	 the	 ability	 to	 vary	 their	 epigenetic	 state	 and	 hence	 gene	 expression,	

through	their	life	course.	It	is	therefore	likely	that	these	mechanisms	are	important	in	DOHaD	

and	that	they	interact	with	each	other	(Gluckman,	Hanson	et	al	2009).	

	

Traditionally,	 genomic	 variation	 and	 epigenetics	 have	 been	 seen	 as	 competing	 theories	 of	

DOHaD	mechanisms	whereas,	 in	 reality,	 the	 two	are	probably	 interdependent.	 For	 example,	

DNA	methylation	is	controlled	by	the	genes	encoding	the	DNA	methyltransferase	enzymes	and	

evidence	 links	 polymorphisms	 in	 these	 genes	 with	 altered	 DNA	 methylation	 patterns	 in	

endometrial	(Han,	Hankinson	et	al	2006),	pancreatic	(Jiao,	Bondy	et	al	2006),	gastric	(Fan,	Liu	

et	al	2010),	and	(de	Vogel,	Wouters	et	al	2009)	colorectal	cancers.		

	

Technological	advances	in	epigenomic	sequencing	have	provided	a	better	understanding	of	the	

complex	interplay	between	genotype	and	epigenotype	and	have	more	firmly	established	that	

single	 nucleotide	 genetic	 polymorphisms	 (SNPs)	 can	 affect	 methylation.	 For	 example,	

SERPINA3	 (Serpin	 peptidase	 inhibitor	 clade	 A	member	 3),	 a	 protease	 inhibitor	 involved	 in	 a	

wide	 range	 of	 biological	 processes,	 has	 been	 found	 to	 be	 up-regulated	 in	 human	 placental	

diseases	in	association	with	a	hypomethylation	of	the	5ʹ	region	of	the	gene	(Chelbi,	Wilson	et	

al	 2012).	 Interestingly	 in	 a	 small	 case/control	 study	 of	 pregnancies,	 the	 presence	 of	 T	 allele	

seemed	 to	 predispose	 to	 growth	 restriction	 (Chelbi,	 Wilson	 et	 al	 2012).	 This	 interaction	

between	methylation	 and	 genotype	 which	 could	 lead	 to	 alteration	 of	 gene	 expression	 and,	
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therefore,	 disease	 provides	 a	 novel	 insight	 into	 how	 communicating	 genetic	 and	 epigenetic	

mechanisms	could	be	involved	in	placental	disorders	such	as	fetal	growth	restriction.			

	

1.3.3.9.1 Imprinted	genes	

Imprinted	 genes	 are	 highly	 conserved	 and	 expressed	 in	 the	 placenta.	 These	 genes	 are	

effectively	 driven	 by	 epigenetic	 regulation	 theorised	 to	 be	 controlled	 by	 differential	

methylation	of	the	relevant	genes	(Haycock,	Ramsay	et	al	2009).	It	has	been	hypothesized	that	

sporadic	 loss	 of	 imprinting	 induced	 through	 methylation	 change	 could	 occur	 in	 human	

placentas	and	contribute	 to	abnormal	placental	development	and	consequentially	decreased	

fetal	 growth	 (Maccani,	Marsit	 et	 al	 2009).	Within	 the	 placenta	 regulation	 of	 imprinted	 gene	

expression	appears	to	be	less	stable	than	in	the	fetus	itself.	This	allows	the	placenta	to	better	

adapt	 to	changing	physiological	environments	but	with	potential	adverse	consequences	such	

as	poor	growth	(Novakovic,	Yuen	et	al	2010;	Nelissen,	van	Montfoort	et	al	2011).		

	

The	paternally	expressed	 insulin-like	growth	 factor	2	 (IGF2)	gene	 is	 imprinted	and	 is	a	major	

modulator	 of	 both	 placental	 and	 fetal	 growth	 (Constancia,	 Hemberger	 et	 al	 2002).	 IGF2	 is	

coordinately	 regulated	 by	 a	 differentially	 methylated	 binding	 region	 known	 as	 imprinting	

control	 region	 1	 (ICR1)	 (Murrell,	 Heeson	 et	 al	 2004;	 Engel,	 West	 et	 al	 2004).	 In	 growth	

restricted	 placentas	 the	 ICR1	 region	 has	 been	 found	 to	 be	 significantly	 less	 methylated	

compared	 with	 normal	 grown	 placentas,	 leading	 to	 reduced	 expression	 of	 IGF2.	 Decreased	

placental	methylation	 at	 the	 IGF2	 imprinting	 control	 region	 is	 associated	with	 normotensive	

intrauterine	 growth	 restriction	 but	 not	 pre-eclampsia.	 (Bourque,	 Avila	 et	 al	 2010).	

Furthermore,	previous	studies	have	reported	a	reduction	in	IGF2	expression	in	placentas	from	

pregnancies	associated	with	FGR	(McMinn,	Wei	et	al	2006)	and	complete	loss	of	placental	IGF2	

expression	is	associated	with	fetal	growth	restriction	in	mice	(Fowden,	Sibley	et	al	2006).		
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1.3.3.9.2 Epigenetics	and	other	interactions	

Maternal	diet	is	one	of	the	ways	in	which	the	supply	of	nutrients	vital	to	DNA	methylation	may	

be	 affected.	 Famine	 provides	 an	 extreme	 example	 of	 disruption	 to	 the	 supply	 of	 nutrients	

essential	in	the	methylation	pathway.	Individuals	exposed	to	famine	in-utero	have	been	shown	

to	 have	 lower	 birth	weights	 (Lumey	 1992)	 and,	 furthermore	 exposure	 to	 famine	 during	 any	

stage	of	gestation	was	associated	with	glucose	intolerance	later	in	life	(Roseboom,	de	Rooij	et	

al	2006).	Individuals	born	during	the	Dutch	famine	born	60	years	ago	were	later	found	to	have	

less	DNA	methylation	of	the	imprinted	IGF2	gene	compared	with	their	famine	unexposed	same	

sex	 siblings	 (Heijmans,	 Tobi	 et	 al	 2008).	 This	 observation	 supports	 the	 hypothesis	 that	

exposure	to	adverse	environmental	factors	in-utero	could	permanently	alter	epigenetic	marks	

which	might	have	a	bearing	in	adult	disease	risk.	

	

1.3.3.9.3 DNA	methylation	in	placental	diseases		

DNA	hypomethylation	at	gene	enhancer	regions	has	been	identified	between	placentae	from	

pregnancies	affected	by	pre-eclampsia	and	controls	(Blair,	Yuen	et	al	2013).	 In	a	small	cohort	

of	term	pregnancies	affected	by	fetal	growth	restriction	methylation	differences	were	found	in	

the	pathway	 involving	hepatocyte	nuclear	 factor	4α	 (HNF4A)	 gene	 (Einstein,	Thompson	et	al	

2010).	As	HNF4A	is	a	candidate	gene	for	type	2	diabetes	mellitus	this	observation	opens	up	the	

possibility	that	differential	methylation	of	genes	important	in	diabetes	might	also	play	a	role	in	

fetal	growth.			

	

1.3.3.9.4 Animal	models	support	a	role	for	DNA	methylation	in	fetal	growth	restriction		

There	are	now	many	studies	demonstrating	altered	DNA	methylation	in	animals	subjected	to	

fetal	growth	restriction,	with	associated	changes	 in	gene	expression,	particularly	 in	pathways	

related	 to	 cell	 signalling,	 endocrine	 and	 paracrine	 function,	 and	 tissue	 growth	 (Fernandez-

Twinn,	Constancia	et	al	2015;	Seki,	Williams	et	al	2012;	for	review).	For	example,	in	an	animal	

model	of	 fetal	growth	restriction,	DNA	extracted	 from	pancreatic	 islet	cells	was	differentially	
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methylated	at	approximately	1400	loci	in	male	rats	at	7	weeks	of	age,	before	they	went	on	to	

develop	diabetes.	Of	the	top	53	differentially	expressed	genes	almost	half	were	involved	in	a	

single	 functional	 network	 centred	 on	 a	 collection	 of	 important	 metabolic	 and	 cellular	

regulators	(Thompson,	Fazzari	et	al	2010).	The	majority	of	changes	occurred	 in	evolutionarily	

conserved	DNA	sequences	with	some	 loci	 in	proximity	 to	genes	manifesting	changes	 in	gene	

expression	 which	 were	 enriched	 near	 genes	 regulating	 vascularisation,	 proliferation,	 and	

insulin	secretion	(Stoffers,	Desai	et	al	2003).	

	

Furthermore,	 in	growth	 restricted	 rodent	offspring,	histone	modifications	 in	association	with	

DNA	methylation	differences	have	been	 identified	 in	 the	promoter	 region	of	 the	gene	PDX1,	

eventuating	in	permanent	gene	silencing	and	a	diabetic	phenotype	(Park,	Stoffers	et	al	2008).		

In	 health,	 PDX1	 regulates	 pancreatic	 beta	 cell	 differentiation,	 but	 when	 silenced	 type	 2	

diabetes	eventuates.	This	study	offered	a	new	insight	in	epigenetic	mechanisms	linking	growth	

restriction	to	diabetes	development	(Brissova,	Blaha	et	al	2005).		

	

Given	 the	 ability	 of	 sequence	 variation	 in	 genes	 influencing	 epigenetic	 changes	 to	 affect	

phenotypic	outcome	 it	 is	 likely	 that	 sequence	variation	will	underlie	 some	of	 the	association	

seen	between	epigenetics	and	DOHaD,	with	an	individual’s	susceptibility	to	epigenetic	changes	

being	controlled	to	some	extent	by	their	genotype.		

	

	

1.3.4 Summary	

The	expansion	of	knowledge	in	the	field	of	DOHaD	over	three	decades	has	contributed	greatly	

to	recognition	of	the	importance	of	maternal	and	neonatal	health	in	the	determination	of	an	

individual’s	 health	 over	 their	 life	 course.	 The	 phenomenon	 of	 developmental	 plasticity	

provides	 not	 only	 an	 explanation	 for	 the	 association	 between	 early	 life	 events	 and	 later	
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disease,	 but	 also	 a	 window	 of	 opportunity	 to	 intervene	 to	 alter	 the	 trajectory	 toward	 later	

health	or	disease.		

	

	

	
1.4 DETERMINANTS	OF	FETAL	GROWTH	

	

1.4.1 Introduction	

The	 most	 commonly	 employed	 marker	 of	 an	 adverse	 early	 life	 environment	 has	 been	

abnormal	 fetal	 growth,	 with	 an	 initial	 focus	 upon	 fetal	 growth	 restriction;	 however,	 more	

recently	 the	 association	 between	 fetal	macrosomia	 and	 adverse	 adult	 health	 outcomes	 has	

become	apparent	(Wax	2009;	Hardy	2011;	Rolland-Cachera	and	Peneau	2013).	Improvements	

in	 obstetric	 care	 may	 reduce	 the	 incidence	 of	 fetal	 growth	 restriction	 while	 increases	 in	

maternal	 obesity	 and	 diabetes	 in	 pregnancy	 (Mission,	 Marshall	 et	 al	 2013),	 both	 of	 which	

increase	 the	 risk	of	 fetal	macrosomia	 (Crowther,	Hiller	et	 al	 2005;	 Li,	 Kendall	 et	 al	 2008;	 Yu,	

Han	et	al	2013),	have	led	to	a	trend	to	increased	birth	weight	(Lahmann,	Wills	et	al	2009).	This	

population	 shift	 away	 from	 fetal	 growth	 restriction	 and	 toward	 fetal	 macrosomia	 has	 not	

resulted	in	a	reduction	in	adult	metabolic	disease,	suggesting	that	simply	increasing	the	growth	

of	 all	 fetuses	will	 not	 avoid	negative	 early	 life	 impacts	upon	adult	metabolic	 health.	A	 focus	

purely	on	growth	restriction	is	insufficient,	and	strategies	to	identify	abnormally	grown	fetuses	

must	include	those	at	both	ends	of	the	spectrum	of	growth.	

	

1.4.2 Defining	and	identifying	abnormal	growth	

Defining	abnormal	fetal	growth	may	be	done	with	varying	degrees	of	sophistication	depending	

on	the	complexity	of	the	data	available.	In	its	simplest	form,	birth	weight	describes	the	size	of	

the	 fetus	 at	 the	 completion	 of	 its	 intrauterine	 growth.	 At	 a	 population	 level	 this	 gross	

assessment	 has	 proven	 useful	 for	 epidemiological	 research.	 At	 an	 individual	 level,	 however,	
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birth	 weight	 fails	 to	 take	 into	 account	 the	multiple	 factors	 that	 contribute	 to	 it	 and	 poorly	

describes	 the	 adequacy	 of	 fetal	 growth	 in	 utero.	 Gestational	 age	 is	 obviously	 the	 greatest	

contributor	 to	 fetal	 size	 at	 birth,	 and	 the	 outcomes	 for	 infants	 of	 the	 same	weight	 born	 at	

different	 gestations	 are	 varied.	 From	 a	 DOHaD	 point	 of	 view,	 in	 particular,	 the	 later	 life	

associations	with	low	birth	weight	appear	more	significant	in	those	born	small	for	gestational	

age	 than	 for	 individuals	 of	 the	 same	 birth	 weight	 born	 appropriately	 grown	 at	 an	 earlier	

gestation.	

	

Extending	this	concept	in	an	attempt	to	account	for	the	various	influences	upon	fetal	growth,	

definitions	of	normal	 growth	may	be	 refined.	Assessment	of	 the	multiple	 factors	which	may	

impact	 upon	 fetal	 growth	 allows	 description	 of	 an	 individual’s	 growth	 potential.	 This	 allows	

differentiation	between	the	pathologically	small	fetus	as	one	which	has	not	met	its	individual	

growth	potential	 from	the	constitutionally	small	 fetus	which	has	(Gardosi,	Chang	et	al	1992).	

The	implication	behind	this	distinction	is	that	failure	to	meet	or	exceeding	growth	potential	is	

associated	with	adverse	outcomes.	There	 is	debate	surrounding	 this	concept,	 in	particular	 in	

terms	of	 its	 clinical	 applicability	 in	 the	perinatal	 context	 (Papageorghiou,	Ohuma	et	 al	 2014)	

(Gelbaya	 and	 Nardo	 2005;	 Gardosi,	 Clausson	 et	 al	 2009;	 Hutcheon,	 Zhang	 et	 al	 2011).	

Importantly	 from	a	DOHaD	perspective,	 there	 is	 little	evidence	regarding	the	 impact	of	using	

various	definitions	of	fetal	growth	upon	the	relationship	between	abnormal	fetal	growth	and	

adult	metabolic	disease.	

	

In	evolutionary	terms,	fetal	growth	is	a	trade-off	between	the	paternal	interest	of	a	large	and	

robust	 baby	 and	 the	 maternal	 interest	 of	 constraint	 of	 fetal	 size	 to	 that	 which	 can	 safely	

traverse	the	maternal	pelvis	during	childbirth.	Each	individual	is	thought	to	have	a	genetically	

determined	 growth	 potential,	 which	 is	 modified	 by	 environmental	 factors,	 including	 the	

maternal	 genetic	 impact	 upon	 the	 intrauterine	 environment	 (Gardosi,	 Chang	 et	 al	 1992;	

Gluckman	 and	 Pinal	 2002).	 The	 function	 of	 the	 placenta	 is	 central	 to	 fetal	 growth,	 both	 by	
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controlling	the	delivery	of	nutrients	to	the	fetus	and	by	hormonally	mediating	growth	(Jansson	

and	Powell	2013).		

	

The	contributors	to	fetal	growth	are	numerous.	These	include	maternal	genetics,	both	in	terms	

of	 its	 heritable	 contribution	 to	 fetal	 genetics	 and	 in	 terms	 of	 its	 capacity	 to	 modulate	 the	

intrauterine	 environment	 and	 fetoplacental	 genetics,	 including	 the	 paternal	 contribution	 to	

the	offspring	genome	but	also	contributing	to	the	intrauterine	environment	by	impacting	the	

function	of	 the	placenta.	The	 interaction	between	the	maternal	and	 fetal	genomes	 is	also	of	

significance	 (Petry,	 Ong	 et	 al	 2007).	 Environmental	 factors	 include	 maternal	 medical	

comorbidities,	 placental	 pathology,	multiple	 hormonal	 pathways,	 and	 periconceptual	 factors	

(Kelishadi	and	Poursafa	2014).		

	

1.4.3 Genetic	influences	

1.4.3.1 Imprinting	

Both	the	maternal	and	paternal	genomes	are	of	importance	in	fetal	growth.	Genetic	imprinting	

is	 the	process	by	which	only	one	of	 the	pair	of	 inherited	alleles	 is	 functional,	with	one	allele	

silenced	 according	 to	 its	 parent	 of	 origin.	 Over	 60	 imprinted	 genes	 have	 been	 directly	

implicated	in	murine	fetal	growth	(Gruslin	and	Nimrod	2007),	suggesting	an	important	role	for	

imprinting	 in	 the	 regulation	 of	 fetal	 growth.	 In	 keeping	 with	 the	 competing	 maternal	 and	

paternal	interests,	most	maternally	imprinted	genes	act	to	suppress	fetal	growth,	whilst	most	

paternally	 imprinted	 genes	 act	 to	 stimulate	 fetal	 growth.	 Important	 biological	 insights	 into	

such	epigenetic	determinants	of	fetal	growth	are	gained	from	rare	syndromes	of	fetal	growth	

restriction	and	fetal	overgrowth.	For	example,	aberrant	methylation	or	uniparental	disomy	of	

the	11p15.5	imprinted	region	may	lead	to	fetal	overgrowth	in	Beckwith-Wiedemann	Syndrome	

or	growth	 restriction	 in	Russell-Silver	 Syndrome,	depending	of	 the	pattern	of	methylation	of	

the	imprinting	control	regions	(Azzi,	Abi	Habib	et	al	2014)	(Figure	1.11).		
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1.4.3.2 Maternal	genome	

The	maternal	genomic	associations	with	fetal	growth	are	similar	to	those	involved	in	maternal	

size	 determination	 and	 metabolism	 (Gruslin	 and	 Nimrod	 2007).	 Genetic	 impacts	 upon	

maternal	stature	likely	also	influence	the	size	and	blood	supply	of	the	uterus,	which	limit	the	

capacity	for	fetal	growth.	Rather	than	direct	influences	of	maternal	genome	upon	fetal	growth,	

the	 most	 significant	 impact	 of	 the	 maternal	 genome	 is	 through	 its	 modulation	 of	 the	

intrauterine	 environment.	 This	 was	 classically	 demonstrated	 by	 crossbreeding	 horses	 and	

ponies	where,	despite	 the	 same	 fetal	 genotype,	 larger	 fetal	 size	occurred	 in	a	 larger	mother	

(Walton	and	Hammond	1938).	Similarly,	 studies	of	donor	oocyte	assisted	 reproduction	show	

that	the	birth	weight	of	the	offspring	correlates	with	the	height	and	weight	of	the	birth	mother	

more	 so	 than	 those	 of	 the	 donor	 (Gruslin	 and	 Nimrod	 2007).	 Paternal	 stature	 has	minimal	

association	with	fetal	growth,	providing	further	evidence	for	any	maternal	genetic	association	

to	 be	 mediated	 via	 its	 influence	 on	 the	 intrauterine	 environment	 rather	 than	 from	 direct	

genetic	inheritance.	

	

Figure	1.11.	Aberrant	methylation	of	the	IGF2/H19	imprinting	control	region	of	

chromosome	11p15.5	leads	to	the	dichotomous	clinical	phenotypes	of	Beckwith	

Weidemann	Syndrome	or	Russell	Silver	Syndrome.	
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1.4.3.3 Fetoplacental	genome	

The	maternal	 and	 paternal	 genomes	 contribute	 directly	 to	 fetal	 growth	 by	 determining	 the	

fetoplacental	 genome.	Gross	 karyotypic	 errors	of	 the	 fetal	 genome	are	 associated	with	 fetal	

growth	 restriction,	 as	 occurs	 in	 trisomy	21,	 13,	 and	18.	Gender	 is	 also	 important,	with	male	

fetuses	 around	 150g	 heavier	 than	 females	 at	 term.	 Confined	 placental	 mosaic	 aneuploidy	

appears	to	increase	the	risk	of	fetal	growth	restriction,	suggesting	a	role	for	genetic	control	of	

placental	mediation	of	growth.	

	

1.4.3.4 Maternal-fetal	genetic	interactions	

The	 influences	 of	 the	 maternal	 and	 fetal	 genomes	 upon	 fetal	 growth	 do	 not	 occur	

independently	 of	 each	 other.	 This	 has	 not	 been	 explored	 in	 great	 detail	 previously.	 This	

concept	is	expanded	and	tested	by	new	research	in	Chapter	7	of	this	thesis.	

	

1.4.4 Maternal	factors	

Various	maternal	factors	impact	upon	the	growth	of	the	fetus	including	medical	comorbidities,	

anthropometric	parameters,	nutrition,	gestational	weight	gain,	parity,	and	the	genome.	Many	

maternal	 medical	 conditions	 have	 the	 capacity	 to	 adversely	 affect	 early	 placental	

development,	with	 significant	 adverse	 consequences	 for	 the	 entire	 pregnancy.	 Autoimmune	

diseases,	 in	 particular	 systemic	 lupus	 erythematosus,	 other	 inflammatory	 arthropathies,	 and	

antiphospholipid	 syndrome,	 are	 associated	 with	 early-onset	 pre-eclampsia	 and	 fetal	 growth	

restriction	 relating	 to	 disordered	 early	 placentation	 (Baer,	Witter	 et	 al	 2011;	 Ostensen	 and	

Clowse	 2013).	 Hypertensive,	 renal,	 and	 vascular	 diseases	 also	 affect	 early	 placental	

development	 in	 similar	 ways	 (Gyamlani	 and	 Geraci	 2013;	 Su,	 Lin	 et	 al	 2013).	 Pregnancy	

outcomes	 are	 closely	 correlated	 to	 disease	 severity	 and	 activity	 in	 these	 conditions.	 Other	

maternal	 medical	 conditions	 may	 adversely	 affect	 fetal	 growth	 by	 causing	 chronic	

fetoplacental	 hypoxia.	 Chronic	 lung	 disease,	 cyanotic	 congenital	 heart	 disease,	 and	 severe	

maternal	anaemia	influence	fetal	growth	in	this	way	(Lueder,	Kim	et	al	1995).		
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Maternal	 nutrition	 and	 body	 composition	 are	 also	 related	 to	 fetal	 growth.	 Underweight	

women	 are	 twice	 as	 likely	 to	 deliver	 a	 small	 for	 gestational	 age	 fetus	 (Verma	 and	 Shrimali	

2012;	Jeric,	Roje	et	al	2013)	and	caloric	restriction	during	pregnancy	is	used	experimentally	to	

induce	 fetal	growth	 restriction	 (Lemley,	Meyer	et	al	2012).	At	 the	opposite	end	of	 the	scale,	

maternal	 pre-pregnancy	 overweight	 and	 obesity	 and	 greater	 gestational	 weight	 gain	 are	

associated	with	 excessive	 fetal	 growth	both	 secondary	 to	 and	 independent	 of	 the	 effects	 of	

gestational	diabetes	(Alberico,	Montico	et	al	2014).	Maternal	obesity	may	also	increase	the	risk	

of	 fetal	growth	restriction	 (Radulescu,	Munteanu	et	al	2013)	and	difficulties	with	clinical	and	

ultrasound	assessment	of	fetal	growth	contribute	to	the	associated	perinatal	morbidity	(Fuchs,	

Houllier	et	al	2013;	Nguyen,	Hawkins	et	al	2013).	Specific	micronutrients	may	be	of	particular	

importance,	 including	 folate,	 zinc,	 iron,	 copper,	 and	 anti-oxidant	 vitamins	 such	 as	 A	 and	 E	

(Gruslin	and	Nimrod	2007).		

	

Diabetes	mellitus	 complicating	 pregnancy	 is	 an	 increasingly	 frequent	 occurrence	 in	much	 of	

the	 world,	 both	 in	 terms	 of	 gestational	 diabetes	 and	 pre-existing	 T2DM,	 with	 consequent	

impact	upon	fetal	growth	(Ignell,	Claesson	et	al	2014).	According	to	the	Pedersen	hypothesis,	

persistent	 maternal	 hyperglycaemia	 leads	 to	 fetal	 hyperglycaemia	 (Pedersen	 1952).	 The	

resulting	hyperinsulinaemic	response	drives	the	Insulin-like	growth	factor	(IGF)	axis	resulting	in	

accelerated	 fetal	 growth	 (Pedersen	 1952).	 Severe	 hyperglycaemia	 and/or	 coexistent	

hypertension	 may	 cause	 placental	 dysfunction,	 leading	 to	 growth	 restriction	 (Ornoy	 2011;	

Glinianaia,	 Tennant	 et	 al	 2012).	 The	 competing	 stimulation	 and	 inhibition	 of	 fetal	 growth	 in	

diabetic	placental	vasculopathy	may	mask	the	effect	of	either	on	the	eventual	size	of	the	fetus:	

resulting	in	so-called	“growth-restricted	macrosomia”	(Figure	1.12).	
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Figure	1.12.	Maternal	hyperglycaemia	may	have	competing	effects	upon	fetal	

growth	due	to	influences	upon	the	fetal	glucose	level	and	placental	function.	

	

1.4.5 Hormonal	factors	

1.4.5.1 Growth	hormone	axis	

Fetal	and	placental	growth	hormone	appears	to	have	a	role	in	the	regulation	of	fetal	growth.	

This	 role	 is	 incompletely	 understood,	 but	 revolves	 around	 complex	 interactions	 between	

growth	 hormone	 and	 the	 insulin-like	 growth	 factor	 (IGF)	 axis	 (Mullis	 and	 Tonella	 2008).	

Placental	growth	hormone	is	also	secreted	into	the	maternal	circulation	and	has	an	important	

role	 in	 maternal	 glucose	 homeostasis.	 It	 may	 indirectly	 influence	 fetal	 growth	 via	 maternal	

hyperglycaemia	in	gestational	diabetes	(McIntyre,	Zeck	et	al	2009).	

	

1.4.5.2 Insulin-like	growth	factor	axis	

The	 IGF	 axis	 is	 perhaps	 the	most	 critical	 of	 the	 regulators	 of	 fetal	 growth.	 IGF-1	 and	 IGF-2	

together	with	their	binding	proteins	(IGFBP)	and	receptors	increase	in	the	fetal	circulation	with	
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advancing	 gestation	 (Fowden	 2003).	 They	 are	 found	 throughout	 the	 fetal	 tissues	 and	 have	

autocrine	and	paracrine	functions	in	addition	to	their	endocrine	role	(Nissley,	Kiess	et	al	1993).	

These	 proteins	 are	 sensitive	 to	 other	 metabolic	 hormones	 such	 as	 insulin,	 thyroxine,	 and	

glucocorticoids	 and	 are	 therefore	 involved	 in	 the	 interplay	 of	 the	 complex	 hormonal	milieu	

driving	fetal	growth.	IGF-2	is	thought	to	be	the	dominant	class	prenatally,	especially	in	mid	to	

late	 gestation,	 while	 IGF-1	 is	 more	 responsible	 for	 driving	 postnatal	 growth	 (Gluckman,	

Johnson-Barrett	et	al	1983).		

	

Aside	 from	 fetal	 growth,	 these	 hormones	 appear	 to	 be	 related	 to	 other	 forms	 of	 fetal	

development	 such	 as	 skeletal	 ossification,	 skin	 development,	 and	 respiratory	 muscle	

development	(Efstratiadis	1998;	Young,	Fernandes	et	al	2001).	IGF-2	also	determines	growth	of	

the	placenta,	and	IGF-1	has	a	role	in	maternal-fetal-placental	nutritional	compartmentalisation	

(Fowden	2003).		

	

1.4.5.3 Leptin	

Leptin	 is	 an	 adipocytokine	 of	 importance	 in	 the	 regulation	 of	 body	 weight.	 Secreted	 from	

adipose	tissue	in	quantities	proportional	to	fat	mass,	it	acts	upon	hypothalamic	satiety	centres	

to	 decrease	 appetite	 and	 food	 intake.	 Its	 production	 may	 also	 be	 stimulated	 by	 other	

hormones	 including	cortisol	and	insulin	(Forhead,	Thomas	et	al	2002).	Altered	leptin	 levels	 in	

the	 cord	blood	of	 growth	 restricted	and	macrosomic	 fetuses	 suggest	 that	 leptin	may	have	a	

role	 in	the	determination	of	fetal	growth,	but	the	relative	contributions	from	maternal,	fetal,	

and	placental	leptin	are	unclear	(Kirel,	Tekin	et	al	2000;	Christou,	Serdy	et	al	2002;	Kyriakakou,	

Malamitsi-Puchner	et	al	2008;	Forhead	and	Fowden	2009).	
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1.4.6 Placental	factors		

1.4.6.1 Transport	capacity	

The	fetus	is	highly	dependent	upon	glucose	for	growth	(Hay	2006).	Gluconeogenesis	does	not	

occur	in	the	fetus,	thus	the	only	significant	source	of	fetal	glucose	is	transplacental	supply	from	

the	mother,	mediated	by	GLUT-facilitated	diffusion.	Fetal	glucose	levels	are	found	to	be	low	in	

growth	restriction,	supportive	of	the	role	of	glucose	supply	in	fetal	growth	(Gruslin	and	Nimrod	

2007;	Limesand,	Rozance	et	al	2007;	Limesand,	Rozance	et	al	2009).	

	

Amino	acids	are	also	required	 for	protein	synthesis,	 interconversion	to	other	substrates,	and	

oxidation	(Gruslin	and	Nimrod	2007).	The	transplacental	supply	of	amino	acids	is	more	active	

than	 for	 glucose	 (Regnault,	 Friedman	 et	 al	 2005).	 Observations	 of	 decreased	 amino	 acid	

concentrations	 and	 impaired	 transport	 mechanisms	 in	 growth	 restricted	 fetuses	 have	 been	

thought	indicative	of	the	importance	of	these	nutrients	in	supporting	fetal	growth	(Cetin	2003;	

Wang,	Blachier	et	al	2013;	).	Other	research,	however,	suggests	that	the	lower	concentrations	

may	relate	to	decreased	fetal	demand	in	the	setting	of	established	growth	restriction,	rather	

than	 the	 primary	 cause	 of	 the	 growth	 restriction	 (Regnault,	 de	 Vrijer	 et	 al	 2013).	 The	 true	

nature	of	these	associations	is	yet	to	be	elucidated.	

	

1.4.6.2 Perfusion	

The	foundations	for	a	healthy	placenta	are	laid	very	early	in	pregnancy,	determining	the	future	

capacity	 of	 the	 placenta	 to	 deliver	 oxygen	 and	 nutrients	 to	 the	 fetus	 and	 to	 establish	 and	

maintain	normal	endocrine	function.	The	demands	for	nutrient	supply	increase	20-fold	across	

the	course	of	a	pregnancy,	requiring	a	corresponding	increase	in	maternal	blood	flow	through	

the	 intervillous	 spaces.	 Invasion	 of	 spiral	 arteries	 by	 trophoblasts	 and	 subsequent	 arterial	

transformation,	essential	 features	of	healthy	early	placentation,	are	 impaired	 in	the	placenta	

of	the	growth	restricted	fetus	(Sacks	2004).	Aberrations	in	angiogenic	factors	such	as	vascular	

endothelial	 growth	 factor	 (VEGF)	 and	 placental	 growth	 factor	 (PlGF),	 as	 well	 as	 vasoactive	
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substances	such	as	nitric	oxide	and	carbon	monoxide	are	thought	to	underlie	this	disordered	

placentation	(Torry,	Hinrichs	et	al	2004;	Gourvas,	Dalpa	et	al	2012).	Environmental	influences,	

in	particular	smoking,	are	also	capable	of	adversely	affecting	this	process	leading	to	later	fetal	

growth	restriction	(van	Oppenraaij,	Koning	et	al	2012).	

	

Maternal	vascular	diseases,	thrombophilia,	and	severe	hyperglycaemia	may	also	interfere	with	

the	process	of	early	placentation	leading	to	later	growth	restriction.		

	

1.4.7 Periconceptual	factors	

Normal	 fetal	 growth	may	be	hampered	by	 adverse	 conditions	before	 conception	and	during	

very	 early	 embryonic	 development.	 In	 periconceptually	 undernourished	 sheep	 that	 were	

returned	 to	 a	 normal	 diet	 for	 the	 remainder	 of	 the	 pregnancy,	 fetal	 growth	 restriction	

occurred	 with	 alterations	 in	 important	 fetal	 hormonal	 mediators	 including	 insulin,	 IGF-1,	

IGFBP,	and	placental	 lactogen	 (Gallaher,	Breier	et	al	1998).	Changes	 in	maternal	metabolism	

also	 persist	 during	 the	 pregnancy	 with	 consequent	 influence	 upon	 fetal	 growth	 (Oliver,	

Hawkins	 et	 al	 2001),	 perhaps	 reflecting	 an	 ongoing	 exchange	 between	 the	mother	 and	 the	

hormonally	 deranged	 fetoplacental	 unit	 (Gluckman	 and	 Pinal	 2003).	 Longer-term	effects	 are	

also	 seen,	 with	 persistent	 epigenetic	 changes	 (Zhang,	 	 et	 al	 2010)	 and	 adipogenic	 gene	

expression	 and	 fat	 mass	 alterations	 (Rattanatray,	 MacLaughlin	 et	 al	 2010),	 among	 other	

growth	 and	 metabolic	 disturbances	 in	 the	 offspring	 of	 periconceptually	 under-	 or	

overnourished	ewes.	

	

1.4.8 Summary	

Fetal	 growth	 describes	 the	 result	 of	 a	 complex	 interplay	 of	many	 contributing	 factors,	 both	

environmental	 and	 genetic.	 It	 is	 of	 importance	 to	 this	 thesis	 given	 its	 use	 in	 the	 past	 to	

describe	 the	 fetal	 effects	 of	 a	 hostile	 intrauterine	 environment.	 Important	 in	 the	 DOHaD	

framework	 is	 the	 recognition	of	 the	complexity	of	 the	mechanisms	determining	 fetal	growth	
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and	 an	 appreciation	 for	 role	 of	 genetic	 influences.	 It	 is	 likely	 that	 a	 proportion	 of	 the	

association	 between	 early	 life	 growth	 and	 later	 life	 disease	 is	 not	 related	 solely	 to	 the	

environmental	 exposures	 resulting	 in	 altered	 fetal	 growth,	 but	 to	 genetic	 factors	 that	 share	

fetal	 growth	 effects	 and	 later	 life	 disease	 effects	 as	 common	 phenotypic	 expressions.	 This	

allows	investigation	of	the	genetic	and	molecular	mechanisms	of	DOHaD	as	well	as	application	

of	genotyping	in	the	prediction	of	DOHaD-related	disease	risk.	

	

	

	

1.5 THE	WESTERN	AUSTRALIAN	PREGNANCY	COHORT	(RAINE)	STUDY	

	

The	analyses	of	this	thesis	were	conducted	primarily	within	the	Raine	Study.	This	longitudinal	

pregnancy	cohort	study	evaluates	the	early	life	origins	of	adult	disease.	

	

1.5.1 Introduction	

Western	Australia	is	home	to	a	powerful	epidemiological	resource	for	human	research	into	the	

Developmental	Origins	of	Health	and	Disease.	Between	1989	and	1991,	2900	pregnant	women	

and	their	fetuses	were	enrolled	into	a	randomised	controlled	trial	to	investigate	the	effects	of	

repeated	 ultrasound	 examinations	 in	 pregnancy	 (Newnham,	 Evans	 et	 al	 1993).	 An	 ongoing	

follow	up	study	was	designed	to	track	these	children	and	their	families	through	childhood	and	

continues	now	into	the	adulthood	of	the	offspring	as	the	Western	Australian	Pregnancy	Cohort	

(Raine)	 Study.	 The	 comprehensive	 prospectively	 collected	 data	 from	 pregnancy	 and	 early	

postnatal	 life	 allows	 associations	 to	 be	 found	 between	 early	 life	 influences	 and	 later	 life	

disease.	 In	 particular,	 the	 serial	 antenatal	 ultrasound	 examinations	 and	 fetal	 biometric	

assessments	make	the	Raine	Study	unique	among	contemporaneous	pregnancy	cohort	studies	

in	 its	ability	 to	assess	 the	 impact	of	genetic	and	environmental	 influences	upon	 fetal	growth	

patterns.	
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1.5.2 Mary	Raine	and	the	Raine	Foundation	

The	Raine	Study	is	named	in	honour	of	Mary	Raine,	who	was	born	Mary	Carter,	the	eldest	of	

13	children	in	Putney,	London	in	the	1870s.	She	came	to	Australia	with	her	sister	Daisy	in	1900	

and	worked	as	a	barmaid	in	hotels	within	Queensland,	Sydney	and	outback	New	South	Wales,	

before	 settling	 in	 Perth.	Over	many	 years,	with	much	hard	work,	Ms	Carter	 invested	 in	 real	

estate	 and	 hotels,	 and	 in	 time	 came	 to	 acquire	 a	 real	 estate	 portfolio	 making	 her	 the	

wealthiest	woman	in	Western	Australia.	Ms	Carter	married	Joe	Raine,	but,	sadly,	Mr	Raine	died	

shortly	 afterwards	 from	 cerebrovascular	 disease.	Having	 no	 children,	Mrs	Raine	bequeathed	

her	fortune	to	The	University	of	Western	Australia,	by	far	the	largest	bequest	in	the	history	of	

the	 University.	 The	 Raine	 Foundation	 was	 formed	 to	 manage	 the	 bequest	 and	 to	 facilitate	

medical	research	according	to	Mrs	Raine’s	wishes	that:	

	

“The	 net	 income	 of	 the	 Fund	 shall	 be	 applied	 toward	 seeking,	 diagnosing,	 and	

investigating	the	nature,	origin	and	causes	of	diseases	in	human	beings,	with	the	

initial	emphasis	on	arteriosclerosis	and	allied	diseases,	and	the	prevention,	cure,	

alleviation	and	combating	of	such	diseases.”	

	

Funding	 from	 the	 Raine	 Foundation	 made	 it	 possible	 to	 continue	 the	 initial	 pregnancy	

ultrasound	 study	 into	a	 longitudinal	 follow	up	 study	 to	 investigate	 the	 influence	of	early	 life	

events	 upon	 later	 life	 disease.	 This	 study	 became	 the	Western	 Australian	 Pregnancy	 Cohort	

Study,	and	is	colloquially	known	as	the	Raine	Study.	It	is	with	Mrs	Raine’s	wishes	in	mind	that	

work	within	 the	Raine	Study	continues	 to	 investigate	 the	origins	of	disease	 in	human	beings	

(Raine	Foundation	2010).	
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1.5.3 Design	

1.5.3.1 Setting	

The	Raine	Study	 is	carried	out	 in	Perth,	Western	Australia,	 the	capital	and	 largest	city	of	 the	

geographically	largest	state	in	Australia	covering	2.5	million	km2.	At	the	commencement	of	the	

study,	 Perth	 and	Western	Australia	 had	populations	of	 1.19	million	 and	1.64	million	people,	

respectively.	By	2011,	these	populations	had	increased	to	1.74	million	and	2.35	million	people,	

respectively.	 Western	 Australia	 is	 ethnically	 diverse,	 although	 predominantly	 Caucasian	 of	

Northern	European	descent,	with	smaller	groups	of	Southern	and	Eastern	Europeans,	South-

East-,	 South-,	 and	 East-Asian,	 African,	Middle-Eastern,	 and	 Indigenous	 Australians,	 although	

the	Raine	Study	cohort	is	less	diverse	than	the	general	population,	with	over-representation	of	

Caucasian	individuals.	

	

1.5.3.2 Recruitment	

Between	May	1989	and	November	1991,	the	Raine	Study	recruited	2900	women	planning	to	

deliver	 at	 King	 Edward	 Memorial	 Hospital,	 Subiaco,	 the	 sole	 tertiary	 referral	 hospital	 for	

obstetrics	 in	 Western	 Australia.	 Inclusion	 criteria	 were	 gestational	 age	 between	 16	 and	 20	

weeks,	sufficient	English	 language	proficiency	 to	understand	the	 implications	of	participation	

in	 the	 trial,	 and	 an	 intention	 to	 remain	 in	 Western	 Australia	 for	 the	 period	 of	 planned	

childhood	 follow	up.	Women	with	multifetal	pregnancies	were	not	excluded	 from	the	study.	

Approximately	 90%	 of	 women	 approached	 agreed	 to	 participate.	 Gestational	 age	 was	

determined	 by	 recalled	 last	 menstrual	 period	 date	 or	 ultrasound	 estimation	 in	 the	 20%	 of	

participants	 whose	 menstrual	 dating	 was	 uncertain	 or	 in	 whom	 there	 was	 a	 discrepancy	

between	estimated	gestation	by	menstrual	 and	ultrasound	estimation	of	 greater	 than	 seven	

days.	
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1.5.3.3 Randomised	controlled	trial		

The	 initial	phase	of	 the	Raine	Study	was	a	 randomised	controlled	trial	aimed	at	 investigating	

the	effects	of	 frequent	ultrasound	during	pregnancy	(Newnham,	Evans	et	al	1993).	The	2834	

participants	with	singleton	pregnancies	were	randomised	to	one	of	two	study	groups:	(1)	the	

intensive	 group,	 undergoing	 ultrasound	 assessments	 of	 fetal	 biometry	 and	 continuous	wave	

Doppler	 velocimetry	 at	 18,	 24,	 28,	 34,	 and	 38	 weeks’	 gestation	 (1415	 women);	 or	 (2)	 the	

routine	group,	undergoing	a	single	ultrasound	assessment	at	18	weeks’	gestation,	with	further	

ultrasound	 scans	 only	 as	 felt	 clinically	 necessary	 (1419	 women,	 Figure	 1.13).	 Women	 with	

multifetal	pregnancies	were	all	scanned	more	frequently,	as	is	routine	clinical	practice	due	to	

the	increased	risk	of	pregnancy	complications,	and	therefore	were	not	randomised.	Ultrasound	

findings	were	made	available	to	the	treating	clinicians.	All	other	aspects	of	clinical	care	were	

according	 to	 hospital	 protocols	 of	 the	 time	 and	 were	 consistent	 between	 the	 two	 study	

groups.	 Live	born	neonates	were	assessed	at	day	 two	of	age	by	various	measures	of	growth	

and	body	composition.		

	

1.5.3.4 Initial	findings	

The	key	finding	of	the	randomised	controlled	trial	phase	was	a	decreased	birth	weight	in	those	

children	 born	 to	 mothers	 allocated	 to	 the	 intensive	 ultrasound	 group,	 with	 a	 46%	 increase	

(odds	ratio	1.46,	95%	CI	1.14	–	1.87)	in	the	risk	of	a	small	for	gestational	age	(birth	weight	less	

than	10th	 centile)	 infant	 compared	 to	women	 in	 the	 routine	 care	group	after	adjustment	 for	

other	impacts	upon	fetal	growth	such	as	gestational	age,	maternal	smoking	during	pregnancy,	

and	maternal	age	(Newnham,	Evans	et	al	1993).	

	

1.5.3.5 Longitudinal	follow	up	study	

The	2838	 consenting	 live	born	 children	were	entered	 into	an	ongoing	 longitudinal	 follow	up	

study	 aimed	 at	 evaluating	 the	 effects	 of	 early	 life	 events	 upon	 later	 life	 health	 and	 disease.	

Offspring	were	assessed	at	ages	1,	2,	3,	5,	8,	10,	14,	17,	18,	20,	and	23	years	(Table	1.4).	Initial	
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follow	up	assessments	focussed	on	child	health	and	development,	growth,	and	nutrition.	Later	

childhood	 and	 adolescent	 assessments	 began	 to	 focus	 on	 broader	 ranges	 of	 health-related	

outcomes.	There	are	now	23	working	groups	within	the	Raine	Study	(Table	1.5),	each	focussing	

on	 a	 different	 area	 of	 health,	 and	 there	 is	 substantial	 collaboration	 between	 these	 groups.	

Strategies	for	cohort	retention	were	described	in	detail	recently	by	McKnight	et	al	(2012).	

	
1.5.4 Ethics	

The	 Human	 Research	 Ethics	 Committee	 of	 King	 Edward	 Memorial	 Hospital	 approved	 the	

original	 pregnancy	 study.	 Once	 the	 trial	moved	 into	 the	 paediatric	 follow	 up	 phase,	 further	

ethical	 approval	 was	 obtained	 from	 the	 Human	 Research	 Ethics	 Committee	 of	 Princess	

Margaret	 Hospital.	 The	 longitudinal	 cohort	 study	 that	 has	 become	 the	 ongoing	 Raine	 Study	

receives	 overall	 approval	 from	 The	 University	 of	Western	 Australia.	 Specific	 projects	 within	

other	health	and	academic	jurisdictions	are	approved	by	local	ethics	committees	as	required,	

including	 the	 Human	 Research	 Ethics	 Committee	 of	 the	 Health	 Department	 of	 Western	

Australia.	

	

	
1.5.5 Data	collection	

The	 Raine	 Study	 dataset	 includes	 a	 large	 range	 of	 physical,	 developmental,	 and	 social	

assessments	of	the	participants.	The	available	data	are	described	in	Table	1.4.		
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Figure	1.13.	Recruitment	and	ongoing	participation	in	the	Raine	Study.	

	

Enrolled	<	20	
weeks’	gestation	
n	=	2900	women	
n	=	2967	fetuses	

Randomised	

Intensive	ultrasound	
n	=	1490	fetuses	

Routine	care	
n	=	1477	fetuses	

Lost	during	pregnancy:	
Miscarriage,	n	=	7	
Termination,	n	=	4	

Fetal	death	in	utero,	n	=	19	
Lost	to	follow	up,	n	=	16	

Follow	up	assessments	

1	year	
n	=	2446	
86%	

2	years	
n	=	1982	
70%	

3	years	
n	=	2280	
80%	

5	years	
n	=	2236	
79%	

8	years	
n	=	1955	
69%	

10	years	
n	=	1780	
63%	

14	years	
n	=	2018	
71%	

17	years	
n	=	1914	
67%	

18	years	
n	=	1170	
41%	

20	years	
n	=	1213	
42%	

Lost	during	pregnancy:	
Miscarriage,	n	=	3	
Termination,	n	=	3	

Fetal	death	in	utero,	n	=	17	
Lost	to	follow	up,	n	=	12	

Lost	after	birth:	
Neonatal	death,	n	=	9	
Infant	death,	n	=	1	
Withdrawn,	n	=	15	

Lost	after	birth:	
Neonatal	death,	n	=	10	
Infant	death,	n	=	0	
Withdrawn,	n	=	13	

Alive	at	1	year	
n	=	1430	children	

Alive	at	1	year	
n	=	1408	children	

Enrolled	into	
follow	up	cohort	

study	
n	=	2777	women	
n	=	2838	children	

Alive	at	birth	
n	=	1455	neonates	

Alive	at	birth	
n	=	1431	neonates	
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Table	1.5.	Raine	Study	research	groups	and	key	findings.	
	

Research	Group	 Key	Findings	
Obstetrics	and	women’s	
health	

• Additional	 ultrasound	 scans	 in	 the	 second	 and	 third	
trimesters	does	not	improve	pregnancy	outcomes.	This	
study	 established	 the	 standard	 for	 routine	 prenatal	
ultrasound	 assessment	 worldwide.	 (Newnham,	 Evans	
et	al	1993)	

• Children	 randomly	 subjected	 to	 repeat	 ultrasounds	
during	 late	pregnancy	had	higher	 rates	of	 intrauterine	
growth	 restriction,	 but	 no	 change	 in	 other	 perinatal	
outcomes	 or	 later	 neurocognitive	 development.	 This	
established	 the	 safety	 of	 ultrasound	 in	 pregnancy.	
(Newnham,	Doherty	et	al	2004)	

Cardiovascular	disease,	
metabolic	syndrome,	and	
obesity	

• Normal	 ranges	 for	 weight	 and	 blood	 pressure	 in	
children	were	 established	 and	 are	 now	 in	 clinical	 use.	
Recording	 of	 biochemical	 measurements	 including	
serum	 insulin,	 glucose,	 lipids,	 and	 inflammatory	
markers	in	childhood.	(Blake,	Gurrin	et	al	2000;	Chivers,	
Hands	 et	 al	 2009;	Huang,	Mori	 et	 al	 2009;	 Ambrosini,	
Huang	et	al	2010)	

• Maternal	 smoking	 during	 pregnancy,	 shorter	 duration	
of	breastfeeding,	and	rapid	childhood	weight	gain	were	
associated	 with	 metabolic	 risk,	 lending	 further	
evidence	to	the	benefits	of	breastfeeding	and	the	need	
for	public	health	interventions	in	the	prenatal	and	early	
childhood	periods.	(Huang,	Burke	et	al	2007)	

Asthma,	allergy,	and	atopy	 • Largest	 study	 measuring	 lung	 function	 and	 bronchial	
responsiveness	in	preschool-aged	children,	finding	that	
preterm	babies	had	persistently	impaired	lung	function	
at	age	6	years.	(Joseph-Bowen,	de	Klerk	et	al	2004)	

• Respiratory	 allergy	 was	 of	 central	 importance	 in	 the	
progression	 and	 consolidation	 of	 asthma	 in	 teenage	
years.	(Hollams,	Deverell	et	al	2009)	

• Pseudo-allergic	 immune	 responses	 to	 respiratory	
bacteria	 were	 associated	 with	 protection	 against	
asthma.	(Hollams,	Hales	et	al	2010)	

Reproductive	and	sexual	
health	

• Birth	 weight	 and	 weight	 gain	 during	 childhood	 were	
found	to	predict	age	at	menarche,	with	implications	for	
polycystic	ovary	syndrome.	(Sloboda,	Hart	et	al	2007)	

Anaesthetics	 • Children	 exposed	 to	 anaesthesia	 before	 age	 3	 years	
had	 a	 higher	 relative	 risk	 of	 language	 and	 abstract	
reasoning	 deficits	 at	 age	 10	 years	 than	 unexposed	
children.	(Ing,	DiMaggio	et	al	2012)	
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Table	1.5	(cont.).	Raine	Study	research	groups	and	key	findings.	
	

Research	Group	 Key	Findings	
Mental	health,	cognition,	and	
language	

• Maternal	 factors	 during	 pregnancy	 including	 stress,	
hypertension,	 and	 weight	 were	 found	 to	 influence	
offspring	 behaviour,	 language,	 and	 emotional	
development.	 The	 finding	 that	 prenatal	 stress	 can	
affect	offspring	development	has	led	to	involvement	of	
perinatal	mental	health	specialists	as	an	essential	part	
of	 the	 obstetric	 team.	 (Robinson,	 Oddy	 et	 al	 2008;	
Whitehouse,	Robinson	et	al	2010;	Robinson,	Mattes	et	
al	2011)	

• Biological	risk	factors,	such	as	fetal	head	circumference	
and	 androgen	 exposure,	 were	 associated	 with	
neurodevelopmental	disorders.	 (Whitehouse,	Maybery	
et	al	2010;	Whitehouse,	Zubrick	et	al	2012)	

• Birth	 at	 37	 weeks’	 gestation	 is	 associated	 with	
increased	risk	of	behavioural	problems	compared	with	
later	 term	 gestations	 suggesting	 that	 this	 cutoff	 may	
not	be	optimal	for	defining	perinatal	risk	as	it	applies	to	
behavioural	 problems.	 (Robinson,	 Whitehouse	 et	 al	
2013)	

Musculoskeletal	 • Findings	from	the	study	raised	clinician	awareness	that	
spinal	 pain	 in	 adolescence	 is	 not	 trivial,	 but	 results	 in	
school	 absenteeism	 and	 burden	 on	 health	 services.	
Comorbid	conditions	of	spinal	pain	were	also	identified	
including	 poor	 mental	 health,	 drug	 use,	 and	 obesity,	
with	 implications	 for	 management	 of	 adolescents	
presenting	with	back	and	neck	pain.	(Heaps,	Davis	et	al	
2011;	 Rees,	 Smith	 et	 al	 2011;	 Smith,	 O'Sullivan	 et	 al	
2011;	O'Sullivan,	Beales	et	al	2012)	

Genetic	epidemiology	 • In	conjunction	with	other	cohorts,	the	Raine	Study	has	
identified	 new	 genetic	 loci	 influencing	 lung	 function,	
birth	 weight,	 and	 age	 at	 menarche.	 (Elks,	 Perry	 et	 al	
2010;	 Freathy,	 Mook-Kanamori	 et	 al	 2010;	 Ferreira,	
Matheson	et	al	2011;	Soler	Artigas,	Loth	et	al	2011)	

• Targeted	genetic	studies	have	investigated	otitis	media,	
neurodevelopmental	 disorders,	 and	 metabolic	 risk.	
(Barker,	 Sharp	 et	 al	 2011;	 Kilpelainen,	 den	Hoed	 et	 al	
2011;	Paracchini,	Ang	et	al	2011;	Rye,	Wiertsema	et	al	
2011;	Whitehouse,	Bishop	et	al	2011;	Rye,	Warrington	
et	al	2012)	

• The	first	genome-wide	association	study	of	adolescent	
non-alcoholic	 fatty	 liver	 disease	 revealed	 new	
associated	 variants	 and	 validated	 these	 using	 a	
biological	 approach	 in	 a	 mouse	 model	 and	 human	
tissue.	(Adams,	White	et	al	2013)	
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Table	1.5	(cont.).	Raine	Study	research	groups	and	key	findings.	
	

Research	Group	 Key	Findings	
Eating	disorders	 • Described	 the	 risk	 factors	 for	 adolescent	 eating	

disorders	allowing	 the	 identification	of	 at-risk	 children	
to	allow	early	intervention.	(Allen,	Byrne	et	al	2009)	

Growth	 • Early	 infant	feeding	was	found	to	 influence	body	mass	
index	 trajectory	 throughout	 childhood	 and	
adolescence,	 with	 longer	 durations	 of	 exclusive	
breastfeeding	associated	with	 lower	risk	of	adolescent	
obesity.	(Chivers,	Hands	et	al	2010)	

Nutrition	 • Low	 omega-3	 and	 omega-6	 fatty	 acid	 intake	 in	
adolescents	with	eating	disorders	was	associated	with	
depressive	 symptoms	 suggesting	 a	 possible	 role	 for	
fatty	 acid	 supplementation	 for	 the	 prevention	 of	
depression	 in	 this	 high	 risk	 group.	 (Allen,	 Mori	 et	 al	
2013)	

• Described	 the	 relationship	 between	 healthy	 dietary	
patterns	and	mental	health	in	adolescence.	(O'Sullivan,	
Robinson	et	al	2009;	Oddy,	Robinson	et	al	2009)	

• Predominant	breastfeeding	for	6	months	or	longer	was	
associated	with	improved	academic	achievement	at	10	
years	of	age.	(Oddy,	Li	et	al	2011)	

Liver	disease	 • Identified	 two	 novel	 variants	 in	 the	 vitamin	D	 binding	
protein	and	 lymphocyte	cytosolic	protein-1	genes	 that	
are	 associated	 with	 risk	 of	 non-alcoholic	 fatty	 liver	
disease	 in	 adolescence	 and	 confirmed	 these	
associations	 biologically	 with	 a	 study	 of	 gene	
expression	in	diseased	liver	tissue.	(Adams,	White	et	al	
2013)	

• Gender-specific	differences	 in	adipose	distribution	and	
adipocytokines	 influenced	 the	 development	 of	 non-
alcoholic	fatty	liver	disease	in	adolescence.	(Ayonrinde,	
Olynyk	et	al	2011)	

• Cholesteryl	ester	transfer	protein	gene	polymorphisms	
were	found	to	increase	the	risk	of	fatty	liver	disease	in	
females	independent	of	adiposity.	(Adams,	Marsh	et	al	
2012)	

Otolaryngology	 • Identified	 an	 association	 between	 the	 immune	
regulator	 gene	 FBXO11	 and	 severe	 otitis	 media	 in	
children.	(Ambrosini,	O'Sullivan	et	al	2011)	
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Table	1.5	(cont.).	Raine	Study	research	groups	and	key	findings.	
	

Research	Group	 Key	Findings	
Physical	activity	 • Sedentary	 patterns	 of	 behaviour	 in	 early	 childhood	

were	 associated	 were	 predictive	 of	 later	 and	
concurrent	 obesity.	 Interventions	 during	 early	
childhood	 to	 increase	 physical	 activity	 may	 have	 a	
lasting	impact	on	obesity	in	childhood	and	adolescence.	
(Hands,	Chivers	et	al	2011)	

Eye	health	 • Genetic	 variants	 near	 the	 PDGFRA	 gene	 were	
associated	 with	 corneal	 curvature	 in	 young	 adults.	
(Mishra,	Yazar	et	al	2012)	

Developmental	origins	of	
health	and	disease	

• A	 U-shaped	 relationship	 between	 birth	 weight	 and	
metabolic	 risk,	 previously	 only	 described	 in	 the	
developing	 world,	 was	 shown.	 (Huang,	 Burke	 et	 al	
2007)	

• Early	 life	factors	were	associated	with	cardiometabolic	
disease	 risk	 factors	 in	adolescence.	 (Huang,	Mori	 et	 al	
2012)	

Cognitive	neuroscience	 • In	 the	 first	 study	 to	 evaluate	 neurocognitive	
functioning	 in	 adolescents	 with	 eating	 disorders,	
support	 was	 found	 for	 central	 coherence	 and	 set-
shifting	 difficulties	 early	 in	 the	 course	 of	 eating	
disorders.	(Allen,	Byrne	et	al	2013)	

• Maternal	 hypertensive	 diseases	 of	 pregnancy	 were	
associated	 with	 reductions	 in	 offspring	 verbal	 ability.	
(Whitehouse,	Robinson	et	al	2012)	

Epigenetics	 • DNA	 methylation	 of	 the	 IGF2/H19	 imprinting	 control	
region	 was	 found	 to	 be	 associated	 with	 adolescent	
adiposity.	(Huang,	Galati	et	al	2012)	
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1.5.5.1 Pregnancy	

Women	 completed	 questionnaires	 with	 research	 midwives	 at	 18	 and	 34	 weeks’	 gestation.	

These	contained	detailed	socioeconomic	and	psychological	stress	data	as	well	as	recalled	pre-

pregnancy	weight,	 significant	medical	and	obstetric	history,	 illicit	drug	and	alcohol	exposure,	

and	paternal	biometric	characteristics.	Physical	assessment	included	height,	weight,	and	body	

mass	index.	Blood	pressure	was	recorded	at	each	prenatal	visit.	Maternal	blood	was	collected	

at	 18	 and	 34	 weeks’	 gestation.	 Complications	 of	 pregnancy	 such	 as	 hypertensive	 diseases	

(gestational	 hypertension	 and	 pre-eclampsia),	 antepartum	 haemorrhage,	 preterm	 labour,	

urinary	tract	infection,	and	hospital	admission	were	recorded	by	medical	record	review	at	the	

time	of	birth.	Women	were	screened	for	gestational	diabetes	mellitus	(GDM)	if	risk	factors	or	

clinical	evidence	of	hyperglycaemia	were	present,	according	to	the	standard	approach	at	the	

time.	 It	 is	 now	 understood	 that	 a	 significant	 proportion	 of	 women	 with	 GDM	 have	 no	 risk	

factors	(Corrado,	Pintaudi	et	al	2013)	and,	as	such,	a	proportion	of	women	in	the	Raine	Study	

may	 have	 had	 undiagnosed	 GDM,	 although	 its	 prevalence	 among	 pregnant	 women	 was	

significantly	lower	at	that	time	than	it	is	presently.		

	

Fetal	biometry,	 including	biparietal	diameter,	head	circumference,	abdominal	 circumference,	

and	 femur	 length,	 was	 assessed	 in	 triplicate	 using	 standardised	 anatomical	 landmarks	 by	

accredited	 sonographers	 according	 to	 randomised	 allocation	 and	 as	 clinically	 indicated.	

Estimated	 fetal	 weight	 was	 derived	 at	 each	 ultrasound	 using	 the	 formula	 by	 Hadlock	 et	 al	

(Hadlock,	 Harrist	 et	 al	 1984).	 Umbilico-placental	 Doppler	 waveform	 assessments	 were	

performed	 at	 each	 ultrasound	 and	 subsequently	 categorised	 by	 a	 single	 maternal	 fetal	

medicine	specialist.	

	

1.5.5.2 Labour	and	birth	

Data	was	collected	by	medical	record	review	and	maternal	questionnaire	after	birth,	including	

prenatal	complications,	onset	of	 labour,	mode	of	delivery,	fetal	heart	rate	abnormalities,	and	
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labour,	 delivery,	 and	 postpartum	 complications.	 Neonatal	 assessment	 included	 paired	 cord	

blood	 gas	 analysis,	 Apgar	 scores,	 and	 day	 two	 anthropometric	 assessment	 (weight,	 length,	

head,	abdominal	and	chest	circumferences,	and	skinfold	thickness)	by	a	single	midwife	for	95%	

of	 the	 cohort	 and	 a	 specialist	 paediatrician	 for	 the	 remainder.	Neonatal	 complications	were	

recorded	 including	 sepsis,	 jaundice,	 respiratory	 distress,	 anaemia,	 special	 care	 nursery	

admission,	congenital	anomalies,	trauma,	and	length	of	hospital	stay.	

	

1.5.5.3 Early	childhood	

The	primary	focus	of	the	early	childhood	assessments	was	childhood	growth	and	development	

as	 a	 continuation	 of	 the	 study	 to	 assess	 for	 later	 effects	 of	 repeated	 prenatal	 ultrasound	

exposure.	Children	were	assessed	at	ages	1,	2,	and	3	years.	Detailed	parental	questionnaires	

provided	 data	 regarding	 neurodevelopmental	 progress,	 socioeconomic	 variables,	 infant	

nutrition	and	breastfeeding,	illnesses	and	injuries,	medications,	health	service	use,	allergic	and	

atopic	 conditions,	 and	 vaccination	 uptake.	 Specific	 developmental	 assessments	 included	 the	

Denver	 Developmental	 Screening	 (Frankenburg	 and	 Dodds	 1967),	 Infant	 Monitoring	

Questionnaires	 (Knobloch,	 Stevens	 et	 al	 1980),	 Early	 Language	 Milestone	 Scale	 (Coplan,	

Gleason	 et	 al	 1982),	 Toddler	 Temperament	 Scale	 (Fullard,	 McDevitt	 et	 al	 1984),	 Child	

Behaviour	Checklist	 (Achenbach,	Edelbrock	et	 al	 1987),	McMaster	 Family	Assessment	Device	

(Epstein,	 Baldwin	 et	 al	 1983),	 Bradburn	Affect	 Balance	 Scale	 (Bradburn	 1969),	 and	Maternal	

Social	Support	 Index	(Pascoe,	Loda	et	al	1981).	Physical	assessments	 included	height,	weight,	

body	 mass	 index,	 blood	 pressure,	 skinfold	 thickness,	 dysmorphology	 screen,	 neurological	

assessment,	dental	assessment,	and	Stycar	visual	assessment.	

	
	
1.5.5.4 Middle	childhood	

Later	 assessments	 aimed	 to	 diversify	 the	 range	 of	 health	 issues	 studied.	 Children	 were	

reviewed	at	ages	5,	8,	and	10	years	by	parental	questionnaire,	physical	examination,	and	at	10	

years	 also	 by	 teacher	 questionnaire	 regarding	 behavioural	 and	 social	 development.	 Data	
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collected	included	further	detailed	socioeconomic	and	physical	environmental	variables,	social	

and	 physical	 activity,	 speech	 and	 language	 development,	 maternal	 and	 paternal	

anthropometry,	parental	and	sibling	medical	health	issues,		

	

Physical	 assessment	 comprised	 height,	 weight,	 skinfold	 thickness,	 waist	 and	 hip	

circumferences,	dysmorphology	screening,	allergy	skin-prick	testing,	blood	pressure	at	rest	and	

with	exercise	stress,	tympanometry	and	audiometry,	and	lung	function	testing	and	spirometry.	

Blood	was	obtained	from	children	and,	where	possible,	both	parents	and	analysed	for	fasting	

glucose,	insulin,	lipids,	iron,	and	ferritin.	

	

Specific	tools	employed	at	these	follow	up	assessments	included	the	McCarron	Assessment	of	

Neuromuscular	Development	(McCarron	1982),	Clinical	Evaluation	of	Language	Fundamentals	

(Messing-Semel	1989),	Symbol	Digit	Modality	Test	 (Smith	1982),	Peabody	Picture	Vocabulary	

Test	 (Dunn	 1981),	 Child	 Behaviour	 Checklist	 (Achenbach	 1991),	 Strengths	 and	 Difficulties	

Questionnaire	 (Goodman	 1997),	 Raven’s	 Coloured	 Progressive	 Matrices	 (Raven	 1981),	

Weschler	 Intelligence	 Scale	 for	 Children	 (Weschler	 1949),	 Cowen	 Self	 Efficacy	 Scale	 (Cowen,	

Work	et	al	1991),	McMaster	Family	Assessment	Device	(Epstein,	Baldwin	et	al	1983),	Bradburn	

Affect	Balance	Scale	(Bradburn	1969),	Parenting	Scale	(Arnold,	O'Leary	et	al	1993),	Depression-

Anxiety-Stress	 Scale	 (Lovibond	 and	 Lovibond	 1995;	 Crawford	 and	 Henry	 2003),	 Dyadic	

Adjustment	 Scale	 (Spanier	 1979),	 and	 Cardiovascular	 Endurance	 Test	 (Brouha,	 Heath	 et	 al	

1943).	

	

1.5.5.5 Adolescence	

As	the	cohort	entered	adolescence,	they	were	assessed	again	at	ages	14	and	17	years.	These	

studies	 focussed	 on	 cardiovascular	 and	 metabolic	 disease	 risk	 factors,	 physical	 fitness	 and	

spinal	function,	pubertal	development,	non-alcoholic	fatty	liver	disease,	asthma	and	atopy,	risk	

behaviour	 and	 sexual	 activity,	 and	 detailed	 dietary	 assessment.	 Questionnaires	 were	
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completed	by	parents,	 teachers,	 and,	 for	 the	 first	 time,	 by	 the	 adolescents	 themselves.	 This	

time	 marked	 a	 deliberate	 attempt	 to	 increase	 the	 active	 participation	 in	 the	 study	 by	 the	

offspring	 as	 they	 developed	 more	 of	 a	 capacity	 to	 influence	 ongoing	 participation.	

Questionnaires	provided	detailed	sociodemographic	data	and	descriptions	of	physical	activity,	

general	 and	 specific	 health,	 risk	 behaviours,	 school	 performance,	 social	 development,	 and	

pubertal	development.			

	

Physical	 assessments	 included	 height,	weight,	 skinfold	 thickness,	 blood	 pressure	 at	 rest	 and	

with	 standardised	 exercise,	 spinal	 and	 posture	 assessment,	 and	 physical	 fitness	 and	 back	

muscle	 endurance	 testing.	 A	 subset	 of	 the	 cohort	 underwent	 pedometer	 physical	 activity	

measurements	and	approximately	1200	individuals	underwent	abdominal	ultrasound	to	assess	

visceral	 and	 subcutaneous	 adiposity	 and	 features	 of	 fatty	 liver	 disease.	 Blood	was	 collected	

from	 adolescents	 and	 parents	 for	 lipids,	 glucose,	 insulin,	 C-reactive	 protein,	 leptin,	

adiponectin,	 liver	 enzymes,	 electrolytes,	 creatinine,	 and	 red	 blood	 cell	 fatty	 acids.	 DNA	was	

extracted	 from	 peripheral	 blood	 leucocytes	 and	 stored	 for	 later	 genomic	 and	 epigenetic	

analyses.	

	

Specific	assessment	tools	used	included	the	Commonwealth	Scientific	and	Industrial	Research	

Organisation	 (CSIRO)	 Food	 Frequency	 Questionnaire	 (Baghurst	 and	 Record	 1984;	 Lassale,	

Guilbert	 et	 al	 2009),	 Cardiovascular	 Endurance	 Test	 (Brouha,	 Heath	 et	 al	 1943),	 Australian	

Fitness	 Education	 Award	 (Australian	 Council	 for	 Health	 Physical	 Education	 and	 Recreation	

1998),	Dyadic	Adjustment	Scale	(Spanier	1979),	Maternal	Social	Support	Index	(Pascoe,	Loda	et	

al	1981),	Beck	Depression	 Inventory-II	 (Beck,	Steer	et	al	1996),	Kessler	Psychological	Distress	

Scale	 (K10)	 (Kessler,	 Andrews	 et	 al	 2002),	 Depression-Anxiety-Stress	 Scale	 (Lovibond	 and	

Lovibond	 1995;	 Crawford	 and	 Henry	 2003),	 Cowen	 Self	 Efficacy	 Scale	 (Cowen,	 Work	 et	 al	

1991),	 McMaster	 Family	 Assessment	 Device	 (Epstein,	 Baldwin	 et	 al	 1983),	 Bradburn	 Affect	
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Balance	 Scale	 (Bradburn	 1969),	 Child	 Behaviour	 Checklist	 (Achenbach	 1991),	 and	McCarron	

Assessment	of	Neuromuscular	Development	(McCarron	1982).	

	

1.5.5.6 Adulthood	

As	the	cohort	entered	adulthood,	follow	up	assessments	were	undertaken	at	18	and	20	years.	

A	cohort	assessment	at	23	years	commenced	in	2013	and	is	expected	to	run	to	2015.		

	

The	 18-year	 assessment	 was	 limited	 to	 those	 participants	 who	 volunteered	 to	 undergo	 a	

standardised	 stress	 test	 to	 evaluate	 hypothalamic-pituitary-adrenal	 function.	 They	were	 also	

measured	for	height	and	weight.	Blood	and/or	saliva	samples	were	obtained	for	baseline	and	

post-stress	cortisol	 levels.	The	participants	were	subjected	to	the	Trier	Social	Stress	Test	of	a	

mock	employment	interview	and	standardised	oral	arithmetic	activity	(Kirschbaum,	Pirke	et	al	

1993).		

	 	

The	 20-year	 follow	 up	 focussed	 on	 detailed	 ophthalmic	 assessments	 and	male	 reproductive	

health.	 Consenting	 male	 participants	 provided	 semen	 samples,	 and	 those	 with	 persistently	

abnormal	semen	analyses	underwent	scrotal	ultrasound	and	consultation	with	a	reproductive	

endocrinologist.	 Other	 assessments	 included	 height	 and	 weight,	 blood	 pressure,	 and	 dual-

energy	x-ray	absorptiometry	(DEXA)	body	composition	analysis.	Blood	was	collected	for	lipids,	

glucose	and	insulin,	and	inflammatory	markers.	

	

The	23-year	follow	up	focussed	on	sleep	and	respiratory	function	with	participants	undergoing	

a	 detailed	 sleep	 and	 pulmonary	 physiology	 study.	Other	 assessments	 include	metabolic	 and	

cardiovascular	 risk	 factors,	 contributing	 further	 data	 points	 to	 the	 existing	 longitudinal	

characterisation	of	these	parameters.	
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The	 25-year	 follow	 up	 is	 currently	 in	 progress.	 It	 focuses	 on	 cardiovascular	 and	 metabolic	

health	and	MRI	parameters	of	body	composition	as	well	as	respiratory	and	sleep	function.	

	

1.5.5.7 Genetics	

Consenting	mother,	 father,	 and	 offspring	 subjects	 provided	 samples	 for	 genetic	 analyses	 at	

either	 the	 14-year	 or	 17-year	 assessments.	Of	 the	offspring	 attending	 the	 14-year	 follow	up	

assessment,	75%	provided	DNA	for	analysis.	A	further	5%	of	Raine	Study	participants	were	also	

recruited	to	genetic	studies	at	the	17-year	follow	up.		

	

The	 Raine	 Study	 collaborates	 with	 several	 international	 consortia	 investigating	 genetic	

contributions	 to	 phenotypes	 such	 as	 early	 life	 growth,	 pubertal	 development,	 immune	

function,	 lung	 function,	 and	 metabolic	 risk.	 In	 its	 own	 right,	 work	 within	 the	 Raine	 Study	

recently	identified	two	novel	genetic	variants	associated	with	non-alcoholic	fatty	liver	disease	

in	 adolescence	 (Adams,	White	 et	 al	 2013,	 Appendix	 1).	 The	 strength	 of	 the	 Raine	 Study	 in	

genetic	analyses	lies	in	its	detailed	and	often	longitudinal	phenotype	descriptions,	in	particular	

with	 serial	 fetal	 biometric	 ultrasound	 assessments,	 affording	 substantially	 greater	 statistical	

power	 to	 detect	 subtle	 associations	 with	 single	 genetic	 variants	 in	 conditions	 of	 complex	

polygenic	pathogenesis.	

	

Offspring,	maternal,	and	paternal	DNA	remain	in	storage	for	future	use.	

	

1.5.5.7.1 Candidate	genes	

The	first	genetic	association	studies	in	the	Raine	Study	were	performed	using	a	candidate	gene	

approach.	Approximately	600	single	nucleotide	polymorphisms	(SNPs)	were	identified	from	52	

genes	within	metabolic	pathways	of	interest	to	the	study	investigators,	such	the	hypothalamic-

pituitary-adrenal	 axis,	 blood	 pressure	 homeostasis,	 glucose	 metabolism,	 body	 composition,	

and	 growth.	DNA	was	 extracted	 from	peripheral	 blood	 leucocytes	 using	 a	 simple	 salting-out	
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technique.	Genotyping	was	performed	using	the	GoldenGate®	Genotyping	Assay	(Illumina	Inc.,	

San	Diego,	USA)	as	per	 the	manufacturer’s	protocol	 (Fan,	Chee	et	al	2006)	at	 the	Centre	 for	

Applied	Genomics	(Toronto,	Canada).	A	total	of	1259	offspring	participated	in	these	candidate	

gene	studies.		

	

A	smaller	number	of	mothers	were	also	genotyped	for	58	candidate	SNPs	that	had	been	shown	

in	work	within	the	Raine	Study	or	in	the	wider	literature	to	be	of	interest	to	fetal	growth	and	

early	 life	 outcomes.	 These	 SNPs	 were	 genotyped	 using	 the	 KASP™	 genotyping	 assay	 at	

KBiosciences	(LGC	Genomics,	Hoddesdon,	United	Kingdom).			

	

Genetic	studies	to	date	have	not	included	significant	analyses	of	paternal	contributions,	aside	

from	the	obvious	contribution	that	paternal	genes	have	made	to	the	offspring	genome.	

	

1.5.5.7.2 Genome-wide	association	studies	

To	enable	 the	Raine	Study	 to	conduct	genome-wide	association	studies	and	 to	contribute	 to	

those	 within	 international	 consortia,	 genome-wide	 data	 was	 compiled	 on	 1494	 offspring.	

Genotyping	 for	 660,000	 SNPs	 per	 individual	 was	 performed	 using	 the	 Illumina	 660-W-Quad	

genome-wide	array	 (Illumina,	 San	Diego,	USA)	at	 the	Centre	 for	Applied	Genomics	 (Toronto,	

Canada).	 Approximately	 1,800,000	 further	 SNP	 genotypes	 were	 imputed,	 initially	 against	

HapMap	 build	 26	 (International	 HapMap	 Consortium	 2003),	 and	 subsequently	 against	 1000	

Genomes	(The	1000	Genomes	Project	Consortium,	Abecasis	et	al	2010).	

	

1.5.5.7.3 Epigenetic	studies	

A	 smaller	 component	 of	 the	 genetic	 analyses	 in	 the	 Raine	 Study	 has	 been	 assessment	 of	

epigenetic	 changes	 and	 their	 relationship	 to	 phenotypic	 outcomes.	 DNA	 extraction,	 bisulfite	

conversion	and	locus-specific	methylation	analysis	DNA	was	prepared	from	whole	blood	cells	

by	standard	phenol:chloroform	extraction	and	ethanol	precipitation	as	described	by	Ollikainen	
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et	 al	 (2010).	 DNA	 was	 bisulfite	 converted	 using	 the	 MethylEasy	 Exceed	 Rapid	 Bisulphite	

Modification	Kit	 (Human	Genetic	Signatures,	North	Ryde,	Australia)	with	amplification	of	 the	

genomic	 region	of	 interest.	DNA	methylation	was	measured	using	 the	MassARRAY	EpiTYPER	

(SEQUENOM	Inc,	Herston,	Australia).		

	

To	date,	epigenetic	studies	have	only	been	performed	upon	offspring	DNA,	however	maternal	

and	 fetal	 DNA	 from	 the	 14	 or	 17	 year	 follow	 up	 assessments	 remain	 in	 storage	 for	 future	

analysis.	

	

1.5.5.8 Linked	data	

The	 Department	 of	 Health,	 Western	 Australia,	 and	 the	 Australian	 Bureau	 of	 Statistics	 have	

large	datasets	 relevant	 to	health	outcomes	 and	 socioeconomic	 descriptors.	 Linkage	of	 these	

datasets	 with	 Raine	 Study	 data	 has	 allowed	 expansion	 of	 the	 reach	 of	 the	 Raine	 Study	

analyses.	 	Of	 relevance	 to	 this	 thesis	 in	 particular,	 linked	data	 has	 been	employed	 to	 assess	

how	well	the	Raine	Study	represents	the	general	Western	Australian	population	from	which	it	

is	drawn.	This	is	discussed	in	depth	in	section	2.7,	below.	

	

1.5.6 Data	management	and	privacy	

All	participants	consent	to	the	collection	of	data	 in	the	knowledge	that	 it	will	be	deidentified	

for	the	purposes	of	secure	analysis	and	to	maintain	their	anonymity	and	confidentiality.	Data	

are	recorded	manually	and	then	 input	 into	a	central	database	with	each	 individual	 identified	

only	 by	 their	 unique	 identification	 number.	 Rigorous	 quality	 control	 procedures	 maintain	

fidelity	 between	 observed	measurements	 and	 those	 recorded	 into	 the	 central	 database.	 All	

variables	are	checked	by	examination	of	the	data	for	ranges,	distributions,	outliers	and	logical	

errors.	Additional	variables	derived	by	individual	analysts	are	returned	to	the	central	database	

for	use	by	collaborating	researchers.	All	researchers	enter	into	a	data	agreement	before	access	

to	the	data	is	granted,	whereby	they	agree	to	maintain	the	confidentiality	and	integrity	of	the	
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data	 and	 to	 return	 data	 to	 the	 study	management	 team	when	 analyses	 are	 completed.	 The	

Raine	Study	employs	data	managers	to	maintain	the	integrity	of	existing	data,	to	oversee	the	

entry	of	newly	collected	and	derived	data,	and	to	control	and	facilitate	access	to	the	data	by	

researchers.		

	

Given	the	wide-reaching	investigations	of	the	Raine	Study	into	the	health	and	wellbeing	of	its	

participants,	from	time	to	time	issues	of	concern	for	an	individual	are	identified	by	researchers	

during	 the	 course	 of	 follow	 up	 assessments.	 In	 such	 instances,	 participants	 are	 offered	

consultation	and	further	 investigation	or	management	as	appropriate	by	a	specialist	clinician	

remote	 from	 the	 study	 team.	 For	example,	 individuals	participating	 in	 the	20-year	 follow	up	

study	 that	 were	 found	 to	 have	 abnormal	 semen	 analysis	 properties	 were	 referred	 for	

consultation	 with	 a	 fertility	 specialist	 and	 offered	 appropriate	 fertility	 investigation	 and	

treatment.	

	

1.5.7 Follow	up	and	retention	

A	 success	 of	 the	 Raine	 Study	 has	 been	 its	 ability	 to	 maintain	 a	 high	 rate	 of	 continued	

engagement	with	the	study	(Figure	1.13,	Table	1.4).	Participation	in	follow	up	assessments	has,	

as	 is	 to	be	expected,	declined	with	 time	as	participants	move	away	 from	the	study	area	and	

develop	 priorities	 conflicting	 with	 continued	 engagement.	 In	 particular,	 as	 the	 participants	

enter	 the	 workforce	 and	 begin	 to	 have	 children	 of	 their	 own,	 the	 capacity	 to	 devote	 an	

extended	period	of	time	to	the	study	is	limited.		

	

The	 Raine	 Study	 has	 employed	 several	 strategies	 to	 minimise	 loss	 to	 follow	 up,	 including	

collection	of	detailed	and	multiple	points	of	contact	and	utilising	evolving	and	novel	methods	

of	contact	over	time;	stimulating	participant	engagement	with	the	study	through	newsletters,	

social	 events,	 and,	 more	 recently,	 social	 networking;	 avoiding	 cohort	 overload	 by	 carefully	

limiting	 the	 burden	 of	 research	 contact	 with	 the	 participants;	 consultation	 with	 the	
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participants	as	key	 stakeholders	 in	 the	 research	project;	and	 record	 linkage	 to	contact	 those	

lost	 to	 follow	up	 through	 inability	 to	 contact	 and	 to	assess	 cohort	 representativeness	of	 the	

general	population	(McKnight,	Newnham	et	al	2012).	

	

The	 management	 of	 the	 longitudinal	 Raine	 Study	 required	 development	 of	 a	 strong	

governance	and	planning	structure.	The	universities	and	research	foundations	associated	with	

the	 study	make	 funding	 commitments	 to	 the	 infrastructure	and	 staff	 required	 to	maintain	 a	

large	 study.	 The	 executive	 governance	 of	 the	 Raine	 Study	 has	 previously	 been	 described	 in	

further	detail	(McKnight,	Newnham	et	al	2012).	

	

1.5.8 Collaboration	

The	Raine	Study	 researchers	belong	 to	one	or	more	of	23	groups,	each	with	 its	own	area	of	

expertise	 and	 research	 interest	 (Table	1.5,	 above).	 There	 is	 a	 strong	 culture	of	 collaboration	

between	these	groups,	enhancing	the	research	value	that	can	be	gained	from	the	study,	and	

the	 Raine	 Study	 itself	 is	 a	model	 of	 collaboration	 between	 several	 universities	 and	 research	

foundations.	 In	 addition,	 most	 researchers	 share	 collaborations	 outside	 of	 the	 Raine	 Study,	

both	 locally	 and	 internationally,	 making	 the	 Raine	 Study	 a	 resource	 of	 international	

importance.	 This	 willingness	 to	 collaborate	 fosters	 both	 improved	 knowledge	 of	 local	

researchers	 but	 also	 exports	 the	 data	 and	 expertise	 of	 the	 Raine	 Study	 across	 the	 globe,	

maximising	 the	 benefit	 from	 the	 contributions	 of	 the	 participants	 of	 the	 study	 and	 the	

institutions	who	 have	 funded	 it.	 The	 detailed	 and	 repeated	 phenotyping	 of	 the	 Raine	 Study	

participants	 over	 a	 long	 period	 of	 time	 provides	 strong	 insights	 into	 the	 early	 life	 origins	 of	

adult	 diseases	 and	 it	 is	 as	 the	 cohort	 enters	 adulthood	 that	 these	diseases	 are	 beginning	 to	

manifest	that	these	origins	can	be	fully	explored.	The	utility	of	the	Raine	Study	does	not	rest	

solely	 in	 its	 longitudinal	 nature,	 as	 many	 significant	 research	 findings	 have	 come	 from	

assessments	at	a	single	point	in	follow	up.			
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1.5.9 Summary	

The	foresight	of	four	investigators,	 initially	John	Newnham	and	joined	by	Fiona	Stanley,	Louis	

Landau,	and	Con	Michael,	has	provided	Western	Australian	researchers	and	their	national	and	

international	collaborators	with	an	 invaluable	resource	to	study	the	early	 life	origins	of	adult	

disease.	As	 just	one	application	of	 the	myriad	 research	possibilities	within	 the	Raine	Study,	 I	

have	utilised,	in	particular,	the	serial	ultrasound	assessments	of	fetal	growth,	the	genetic	data	

of	the	mother	and	offspring,	and	the	adolescent	and	adult	assessments	of	metabolic	health,	in	

order	to	examine	the	links	between	early	life	growth	patterns	and	adult	metabolic	outcomes	in	

the	context	of	a	genetic	predisposition	to	disease.	The	Raine	Study	is	unique	in	its	serial	third	

trimester	 ultrasound	 assessments	 of	 fetal	 biometry	 which	 allows	 detailed	 studies	 of	 fetal	

growth	patterns	compared	 to	other	pregnancy	cohort	 studies	which	have	 limited	ultrasound	

data	or	rely	upon	birth	weight	for	assessment	of	fetal	growth.	
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1.6 THESIS	OUTLINE	

	

1.6.1 Aims	

The	 aims	 of	 the	 research	 presented	 in	 this	 thesis	 are	 to	 develop	 a	 method	 for	 early	 life	

identification	of	individuals	at	high	risk	of	adult	metabolic	syndrome	and	to	assess	the	role	of	

early	life	nutrition	upon	metabolic	outcomes.	

	

1.6.2 Hypotheses	

The	hypotheses	tested	are:	

i. that	 individuals	 at	high	 risk	of	 adult	metabolic	 syndrome	will	 be	 identifiable	by	 their	

fetal	growth	pattern	and	their	genomic	variants;	and,	

ii. that	this	risk	will	be	modified	by	early	life	nutrition,	specifically	breastfeeding.	

	

1.6.3 Studies	performed	

A	series	of	studies	were	performed	in	order	to	progress	towards	the	overall	aim	of	this	thesis	

(Figure	1.14).		
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Figure	1.14.	Aim	and	research	plan.	

	 	

AIM	 	 	
To	develop	a	method	for	early	life	identification	of	individuals	at	high	risk	of	adult	
metabolic	syndrome	and	to	assess	the	role	of	early	life	nutrition	upon	metabolic	

outcomes	

	 	

	 	 	 	 	 	 	
	 	 	 	 HYPOTHESES	
	 	 	 A	 That	individuals	at	high	risk	of	adult	metabolic	syndrome	will	be	

identifiable	by	their	fetal	growth	pattern	and	their	genomic	
variants	

B	 That	this	risk	will	be	modified	by	early	life	nutrition	
	 	 	 	 	 	 	
	 PHASE	1:	THE	COHORT	 	 	
	 Assess	the	extent	to	which	the	study	cohort	is	representative	of	its	source	

population	and	how	this	changes	with	cohort	attrition	over	time	(Chapter	2)	
	 	

	 	 	 	 	 	 	

	 PHASE	2:	FETAL	GROWTH	 	 	
	 Assess	the	capacity	to	use	abnormal	fetal	growth	to	predict	adult	disease	risk	 	 	
	 	 	 	 	 	 	
	 	 	 2A	 Develop	a	method	of	identifying	individuals	who	have	undergone	

suboptimal	fetal	growth	(Chapter	3)	
	 	 	 2B	 Assess	the	association	between	abnormal	fetal	growth	and	adult	

metabolic	outcomes	(Chapter	4)	
	 	 	 	 	 	 	
	 PHASE	3:	GENETIC	VARIANTS	 	 	
	 Assess	the	capacity	to	use	genetic	variants	to	predict	adult	disease	risk	 	 	
	 	 	 	 	 	 	
	 	 	 3A	 Proof	of	principle	within	candidate	gene	pathway:	are	genetic	

variants	associated	with	outcomes?	(Chapter	5)	
	 	 	 3B	 Expansion	to	a	large	number	of	variants:	identification	of	relevant	

variants	for	each	phenotype	(Chapter	6)	
	 	 	 3C	 Assessment	of	the	relative	contributions	of	maternal	and	fetal	

genotypes	and	their	interactions	(Chapter	7)	
	 	 	 3D	 Exploration	of	a	genetic	mechanism	underlying	increased	fetal	

growth	and	subsequent	hyperglycaemia	(Chapter	8)	
	 	 	 	 	 	 	
	 PHASE	4:	RISK	SCORE	 	 	
	 Developing	a	genetic	risk	score	to	identify	individuals	at	high	risk	of	adult	

metabolic	syndrome	and	assessment	of	its	capacity	to	predict	metabolic	
syndrome	(Chapter	9)	

	 	

	 	 	 	 	 	 	
	 PHASE	5:	INFANT	NUTRITION	 	 	
	 Assessment	of	the	interaction	between	genetic	risk	of	metabolic	disease	and	

infant	nutrition	and	the	association	with	adult	metabolic	syndrome	(Chapter	9)	
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1.6.3.1 The	Western	Australian	Pregnancy	Cohort	(Raine)	Study	

The	analyses	of	this	thesis	were	conducted	primarily	within	the	Raine	Study.	This	longitudinal	

pregnancy	 cohort	 study	 evaluates	 the	 early	 life	 origins	 of	 adult	 disease.	 It	was	 necessary	 to	

evaluate	 the	 extent	 to	 which	 this	 cohort	 represents	 its	 source	 population	 such	 that	 the	

external	validity	of	the	findings	of	the	work	of	this	thesis	could	be	determined	(Phase	1).	

	

1.6.3.2 Defining	abnormal	fetal	growth	

Fetal	growth	 is	often	used	as	a	descriptor	of	an	adverse	 intrauterine	environment,	however,	

fetal	growth	is	the	end	result	of	a	complex	interplay	between	an	individual’s	genetics	and	the	

factors	 of	 the	 intrauterine	 environment.	 This	 study	 aimed	 to	 assess	 the	 epidemiological	

contributors	 to	 fetal	 growth	 by	 developing	 customised	 fetal	 biometric	 references,	 such	 that	

subtle	 deviations	 from	 an	 individual’s	 growth	 potential	 could	 be	 identified	 (Phase	 2).	 Fetal	

growth	 is	 a	 genetically	 complex	 trait,	with	 small	 individual	 contributions	 from	each	of	many	

genes.	Identification	of	such	small	effects	required	the	development	of	thorough	multivariate	

models	of	fetal	growth	parameters	and	longitudinal	analyses.		

	

I	 hypothesised	 that	 customisation	 for	 epidemiological	 contributors	 in	 the	 individualised	

assessment	of	 fetal	growth	would	better	 identify	deviations	from	individual	growth	potential	

and	allow	the	clarity	to	demonstrate	subtle	effects	of	multiple	genetic	contributors	(Phase	2A).	

Furthermore,	 I	 hypothesised	 that	 customisation	 of	 fetal	 growth	 assessments	 would	 better	

identify	 individuals	 at	 risk	 for	 adult	 metabolic	 syndrome	 than	 descriptions	 of	 growth	 by	

population-derived	assessments	(Phase	2B).	

	

1.6.3.3 Leptin	polymorphisms	and	the	developmental	origins	of	the	metabolic	syndrome	

This	study	analysed	genetic	variants	in	the	leptin	pathway	for	proof	of	principle	analyses	of	the	

role	of	genetics	in	both	the	early-	and	later-life	manifestations	of	the	developmental	origins	of	

the	metabolic	 syndrome.	 I	 hypothesised	 that	 genomic	 variation	within	 the	 leptin	 and	 leptin	
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receptor	genes	would	be	associated	with	both	alterations	to	fetal	growth	trajectories	and	with	

adolescent	cardiovascular	disease	risk	factors	(Phase	3A).	The	methodology	developed	in	this	

study	 forms	 the	 basis	 for	 analyses	 of	 a	 much	 larger	 sample	 of	 genetic	 variants	 and	 their	

associations	with	fetal	growth	and	adult	metabolic	disease	(Phase	3B).	

	

1.6.3.4 Maternal-fetal	genetic	interactions	in	fetal	growth	

Both	the	maternal	and	fetal	genomes	contribute	in	different	ways	to	the	determination	of	fetal	

growth.	 This	 study	 aimed	 to	 determine	 the	 influence	 upon	 fetal	 growth	 of	 various	

combinations	 of	 maternal	 and	 fetal	 genotypes	 for	 polymorphisms	 associated	 with	 adult	

metabolic	 disease	 phenotypes	 (Phase	 3C).	 The	 hypotheses	 were	 that	 a	 large	 proportion	 of	

these	polymorphisms	would	have	significant	 fetal	growth	associations	and	that	simultaneous	

assessment	of	the	maternal	and	fetal	genotypes	would	be	required	to	identify	and	characterise	

these	associations.	Such	a	concept	would	demonstrate	the	genetic	contribution	to	DOHaD	and	

validate	the	use	of	adult	disease-risk	variants	in	a	predictive	model	applied	in	early	life.	

	

1.6.3.5 The	fetal	glucose	hypothesis	

Existing	 theories	 provide	 mechanistic	 insight	 into	 the	 association	 between	 abnormal	 fetal	

growth	 and	 adult	 glucose	 intolerance,	 including	 both	 genetic	 and	 environmental	 roles.	 The	

fetal	 insulin	 hypothesis	 provides	 a	 genetic	 explanation	 for	 the	 link	 between	 fetal	 growth	

restriction	 and	 subsequent	 glucose	 intolerance,	 but	 there	 has	 been	 no	 corresponding	

explanation	for	the	association	with	fetal	macrosomia.	Indeed,	according	to	this	hypothesis,	as	

a	 genetically	 determined	 insulin	 sensitivity	 increases	 there	 should	 be	 increased	 fetal	 growth	

and	decreased	risk	of	adult	T2DM	–	an	inverse	linear	relationship.	It	may	be	that	the	apparent	

“U”-shaped	 association	 between	 birth	 weight	 and	 T2DM	 has	 two	 separate	 and	 opposing	

genetic	mechanisms,	each	explaining	the	opposite	end	of	the	“U”-shaped	curve.	
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Extending	 upon	 the	 known	 functional	 implications	 of	 SNP	 rs13266634	 in	 the	 SLC30A8	 gene,	

this	study	hypothesised	that	variation	within	the	insulin	signalling	pathway	contributes	to	the	

association	 between	 fetal	 macrosomia	 and	 T2DM	 (Phase	 3D).	 Such	 an	 association	 could	

provide	insight	into	the	molecular	mechanism	of	the	developmental	origins	of	T2DM.	

	

1.6.3.6 The	Raine	Risk	Score	

This	 final	 study	 combines	 the	 knowledge	 obtained	 in	 the	 previous	work.	Within	 a	 cohort	 of	

known	 external	 validity,	 genetic	 variants	 of	 known	 significance	 to	 both	 early	 life	 and	 adult	

phenotypes	 can	 be	 combined	 to	 determine	 an	 individual’s	 overall	 burden	 of	 genetic	

susceptibility	 to	 adverse	metabolic	 outcomes	 (Phase	 4).	 This	 study	 hypothesised	 that	 a	 risk	

score	based	on	this	overall	burden	could	stratify	individuals	into	high-,	moderate-,	and	low-risk	

groups,	and	would	correlate	with	the	prevalence	of	adverse	metabolic	parameters.	A	further	

aim	of	 this	 study	was	 to	 investigate	 the	 interactions	between	early	 life	nutrition	and	genetic	

risk	in	their	associations	with	adult	metabolic	syndrome	(Phase	5).	 I	hypothesised	that	breast	

feeding	would	be	associated	with	a	reduction	in	metabolic	syndrome	in	high-risk	individuals.	
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1.7 CHAPTER	SUMMARY	

	

The	 metabolic	 syndrome	 is	 of	 global	 importance	 due	 to	 its	 extreme	 burden	 of	 mortality,	

morbidity,	and	socioeconomic	costs.	Traditional	lifestyle	interventions	have	been	ineffective	at	

arresting	the	increase	in	prevalence	and	new	approaches	to	primary	prevention	are	required.	

The	early	 life	period	of	developmental	 plasticity	 affords	 a	window	of	opportunity	 that	 could	

potentially	 be	 exploited	 by	 novel	 primary	 prevention	 interventions.	 Targeting	 such	

interventions	 may	 maximise	 their	 efficacy	 while	 maintaining	 resource	 efficiency,	 but	 this	

requires	 identification	of	at-risk	 individuals	prior	to	the	development	of	traditional	metabolic	

risk	factors.	

	

This	thesis	describes	the	development	of	novel	methodology	for	the	early	life	identification	of	

adult	metabolic	 syndrome	 risk.	New	approaches	will	 be	presented	 to	 the	 assessment	of	 the	

adequacy	of	fetal	growth	and	the	simultaneous	assessment	of	large	numbers	of	maternal	and	

fetal	 genomic	 variants.	 A	 new	 genetic	 mechanism	 to	 explain	 the	 link	 between	 fetal	

macrosomia	 and	 adult	 glucose	 intolerance	 will	 be	 proposed.	 A	 genetic	 risk	 score	 will	 be	

described,	 along	with	 its	 capacity	 to	 predict	 adult	metabolic	 syndrome	 phenotypes	 decades	

prior	to	the	development	of	clinically	apparent	symptoms.	Finally,	proof	of	concept	of	early	life	

primary	 prevention	will	 be	 provided	 by	 assessment	 of	 interactions	 between	 infant	 nutrition	

and	risk	stratifications	in	their	associations	with	adult	metabolic	syndrome.	
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2.1 OVERVIEW	

	

Cohort	studies	such	as	the	Western	Australian	Pregnancy	Cohort	(Raine)	Study	are	subject	to	

several	sources	of	bias	which	may	 limit	 their	external	validity	and,	hence,	 the	applicability	of	

their	findings	to	outside	populations.	Follow	up	over	the	course	of	more	than	two	decades	has	

seen	cohort	attrition	due	to	withdrawal	from	participation	and	loss	to	follow	up.	Such	attrition	

has	the	potential	to	introduce	selection	bias.	In	this	thesis	I	have	performed	detailed	analyses	

of	fetal	growth	where	repeated	measurements	were	available.		Further,	genetic	analyses	have	

only	 been	 performed	 on	 data	 from	 cohort	 members	 who	 agreed	 to	 DNA	 collection	 and	

analyses.	Subgroup	analyses,	such	as	those	performed	on	fetal	growth	and	genetic	subgroups,	

have	the	potential	to	introduce	further	selection	bias	due	to	selective	inclusion	of	participants	

not	representative	of	the	source	population.	

	

This	chapter	presents	an	assessment	of	the	representativeness	of	the	Raine	Study	cohort	of	its	

source	population	at	the	time	of	the	recruitment	and	of	any	additional	impact	of	attrition	and	

subgroup	 analyses.	 Specifically,	 of	 relevance	 to	 this	 thesis,	 this	 study	 assesses	 whether	

selection	bias	introduces	significant	bias	into	its	findings	in	the	perinatal	period.	

	

This	chapter	is	presented	as	the	manuscript	currently	in	press	as:	

	

White	SW,	Eastwood	PR,	Straker	LM,	Adams	LA,	Newnham	JP,	Lye	SJ,	Pennell	CE.	

The	Raine	Study	had	no	evidence	of	significant	perinatal	selection	bias	after	two	

decades	of	follow	up:	a	longitudinal	pregnancy	cohort	study.	BMC	Pregnancy	and	

Childbirth	2017	[Accepted	22	June	2017,	in	press].	
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2.2 ABSTRACT	

	

Background:	 Cohort	 studies	may	 increase	 or	 decrease	 their	 selection	 bias	 as	 they	 progress	

through	 time.	 The	 Western	 Australian	 Pregnancy	 Cohort	 (Raine)	 Study	 has	 followed	 2868	

children	 for	 over	 two	 decades;	 from	 fetal	 to	 adult	 life.	 This	 paper	 analyses	 the	 cohort	 over	

time,	assessing	potential	bias	 that	may	come	and	go	with	 recruitment,	 retention	and	 loss	of	

participants.	

Methods:	 Linked	 data	 from	 all	 births	 in	Western	 Australian	 over	 the	 three	 years	 the	 Raine	

Cohort	 was	 recruited	 were	 obtained	 to	 compare	 perinatal	 characteristics	 and	 subsequent	

health	 outcomes	 between	 the	Western	 Australian	 (WA)	 contemporaneous	 birth	 population	

and	 the	 Raine	 Cohort	 at	 five	 time	 points.	 Perinatal	 exposure-outcome	 comparisons	 were	

employed	to	assess	bias	due	to	non-participation	in	Raine	Study	subsets.	

Results:	There	were	demographic	differences	between	the	Raine	Study	cohort	and	its	source	

population	at	recruitment	with	further	changes	across	the	period	of	follow	up.	Despite	these	

differences,	 the	 pregnancy	 and	 infant	 data	 of	 those	 with	 continuing	 participation	 were	 not	

significantly	 different	 to	 the	WA	 contemporaneous	 birth	 population.	 None	 of	 the	 exposure-

outcome	 associations	 were	 significantly	 different	 to	 those	 in	 the	WA	 general	 population	 at	

recruitment	or	at	any	cohort	reviews	suggesting	no	substantial	recruitment	or	attrition	bias.	

Conclusions:	The	Raine	Study	is	valuable	for	association	studies,	even	after	20	years	of	cohort	

reviews	 with	 increasing	 non-participation	 of	 cohort	 members.	 Whilst	 non-participation	 has	

resulted	in	some	minor	demographic	differences	compared	to	the	WA	contemporaneous	birth	

population,	exposure-outcome	association	analyses	suggest	that	the	Raine	cohort	is	not	biased	

and	is	generally	representative	of	the	WA	population.		
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2.3 BACKGROUND	

	

The	Western	Australian	Pregnancy	Cohort	(Raine)	Study	began	as	a	randomised	controlled	trial	

evaluating	 the	 effects	 of	 repeated	 ultrasound	 in	 pregnancy.	 The	 Raine	 Study	 is	 now	 a	

longitudinal	cohort	study	that	has	followed	the	offspring	from	18	weeks’	gestation	into	young	

adulthood	to	investigate	the	early	origins	of	adult	disease.	Detailed	data	collection	at	regular	

cohort	 reviews	 over	 two	 decades	 has	 seen	 the	 Raine	 Study	 evolve	 into	 a	 powerful	 tool	 for	

epidemiological	 and	 genetic	 association	 studies	 and	 myriad	 smaller	 research	 projects	

encompassing	a	wide	range	of	clinical,	para-clinical,	and	basic	science	fields.			

	

The	Raine	Study	participants	were	recruited	from	the	sole	tertiary	obstetric	referral	hospital	in	

Western	Australia	(WA),	and	surrounding	private	clinics;	WA	is	the	geographically	largest	and	

most	 isolated	of	 the	Australian	 states.	 Follow	up	assessments	of	 the	 cohort	over	more	 than	

two	decades	has	been	accompanied	by	a	reduction	in	participation,	as	would	be	expected	with	

any	 long-term	 cohort	 study.	 It	 is	 possible	 that	 both	 the	 recruitment	 from	 a	 tertiary	 referral	

hospital	and	loss	to	long-term	follow	up	could	influence	the	extent	to	which	the	Raine	cohort	is	

representative	of	 the	wider	Western	Australian	population;	 the	 former	potentially	 increasing	

the	 proportion	 of	 participants	with	 complicated	 pregnancies	 or	 socioeconomic	 disadvantage	

initially	 recruited	 and	 the	 latter	 potentially	 favouring	 retention	 of	 socioeconomically	

advantaged	participants.		

	

Adequate	 representativeness	 is	 clearly	 important	 for	 descriptive	 studies	 defining	 the	

prevalence	of	disease	within	populations,	for	example,	the	Global	Burden	of	Disease	Initiative	

(Murray,	 Lopez	 et	 al	 1994).	 Extrapolating	 disease	 prevalence	 from	 a	 non-representative	

population	 sample	 could	 greatly	 under-	 or	 over-estimate	 the	 true	 population	 prevalence	

(Ebrahim	 and	 Davey	 Smith	 2013).	 Traditional	 epidemiological	 practice	 dictates	 that	 cohorts	

being	used	for	investigation	of	associations	between	exposures	and	outcomes,	that	is,	seeking	
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potential	 causal	 relationships,	 should	 be	 reasonably	 representative	 of	 the	 populations	 from	

which	they	are	drawn.	

	

Representative	cohorts	are	desirable	as	non-representative	 study	groups	may	 introduce	bias	

into	 observational	 studies	 of	 causal	 associations,	 with	 multiple	 confounding	 variables	 in	

aetiologically	complex	conditions	being	unequally	distributed	between	the	population	sample	

and	 the	 wider	 population.	 For	 example,	 previous	 observational	 studies	 demonstrated	 an	

apparent	association	between	low	antioxidant	intake	and	pre-eclampsia	(Zhang,	Williams	et	al	

2002;	Rumbold	and	Crowther	2005;	Klemmensen,	Tabor	et	al	2009),	the	biological	plausibility	

of	 this	 link	 being	 supported	 by	 evidence	 of	 oxidative	 stress	 in	 the	 pathophysiology	 of	

established	 pre-eclampsia	 (Poston,	 Raijmakers	 et	 al	 2004;	 Raijmakers,	 Dechend	 et	 al	 2004).	

However,	 the	 hypothesised	 reduction	 in	 risk	 with	 vitamin	 supplementation,	 despite	 early	

promise	(Chappell,	Seed	et	al	2002),	was	not	borne	out	in	subsequent	randomised	controlled	

trials	among	either	low-risk	(Rumbold,	Crowther	et	al	2006;	Villar,	Purwar	et	al	2009;	Roberts,	

Myatt	et	al	2010)	or	high-risk	(Poston,	Briley	et	al	2006;	Spinnato,	Freire	et	al	2007;	McCance,	

Holmes	 et	 al	 2010;	 Xu,	 Perez-Cuevas	 et	 al	 2010)	women.	Meta-analyses	 of	 such	 trials	 have	

confirmed	 similarly	 poor	 efficacy	 (Polyzos,	 Mauri	 et	 al	 2007;	 Rumbold,	 Duley	 et	 al	 2008;	

Basaran,	 Basaran	 et	 al	 2010).	 It	 is	 likely,	 therefore,	 that	 low	 vitamin	 status	 is	 a	 surrogate	

marker	 for	 one	 or	more	 other	 contributors	 to	 pre-eclampsia	 risk.	 Statistical	 adjustment	 for	

confounding	 factors,	 no	matter	 how	apparently	 thorough,	 often	 leaves	 unidentified	 residual	

confounding	which,	as	 in	this	example,	 is	corrected	by	the	randomisation	within	a	controlled	

trial	whereby	 the	 study	 design	 ensures	 representativeness	 between	 the	 trial	 arms	 (Ebrahim	

and	Davey	Smith	2013).			

	

Deliberate	 non-representative	 sampling,	 by	 contrast,	 is	 of	 scientific	 value	 in	 some	 situations	

(Ebrahim	 and	 Davey	 Smith	 2013).	 For	 example,	 twin	 studies	 allow	 the	 investigation	 of	

environmental	 and	 epigenetic	 associations	 with	 disease	 by	 controlling	 for	 genetic	 variation.	



Chapter	2	–	Raine	Study	representativeness	

	
95	

“Natural	 experiments”,	 such	 as	 the	 Chernobyl	 reactor	 disaster,	 provide	 insight	 into	 rare	

environmental	 exposures	 and	 subsequent	 health	 outcomes.	 Over-sampling	 of	 individuals	

within	 minority	 groups	 of	 particular	 interest	 allows	 later	 subgroup	 analyses	 which	 remain	

adequately	powered	without	having	to	recruit	a	much	larger	cohort	as	a	whole	or	to	allow	for	

selective	 attrition	 of	 these	 participants.	 Achieving	 representativeness	 may	 come	 at	 the	

expense	 of	 internal	 validity,	 however,	 a	 trade-off	 which	 has	 the	 potential	 to	 limit	 the	

robustness	 of	 inferences	 of	 causation,	 a	 major	 objective	 of	 observational	 research	 (Elwood	

2013).		

	

In	the	context	of	a	 longitudinal	cohort	study,	selection	bias	 introduced	due	to	greater	 loss	to	

follow	 up	 among	 certain	 subsets	 of	 the	 cohort	 may	 influence	 the	 assessment	 of	 exposure-

outcome	associations	due	to	evolving	differences	in	the	prevalence	of	exposures,	outcomes,	or	

confounding	 factors	 between	 the	 populations.	 In	 particular,	 if	 the	 exposure	 of	 interest	 is	

associated	 with	 the	 probability	 of	 ongoing	 study	 participation	 then	 the	 exposure-outcome	

association	may	be	biased	(Richiardi,	Pizzi	et	al	2013)	and,	therefore,	 inferences	of	causation	

may	be	flawed.	However,	previous	studies	have,	by	assessing	the	relative	magnitude	of	known	

associations	 in	cohorts	and	their	source	populations,	demonstrated	that	such	bias	 is	 likely	to	

be	minimal	(Nohr,	Frydenberg	et	al	2006;	Pizzi,	De	Stavola	et	al	2012).		

	

For	 large	 longitudinal	 studies,	 in	 which	 smaller	 sub-studies	 are	 conducted,	 the	 extent	 of	

representativeness	 may	 be	 both	 helpful	 and	 a	 hindrance,	 depending	 on	 the	 nature	 of	 the	

individual	 study	 performed.	 In	 such	 circumstances,	 therefore,	 it	 is	 particularly	 important	 to	

examine	 and	 report	 the	 representativeness	of	 the	 cohort	 such	 that	 external	 validity	may	be	

reliably	determined	for	each	study	undertaken.	Moreover,	an	assessment	of	the	selection	bias	

resulting	from	loss	to	follow	up	or	subgroup	analyses	should	be	made.		
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The	 primary	 aim	 of	 this	 study	 was	 to	 assess	 the	 perinatal	 representativeness	 of	 the	 Raine	

Study	 cohort	 at	 multiple	 time	 points	 over	 the	 last	 20	 years	 by	 comparing	 it	 to	 the	

contemporaneously	 born	 Western	 Australian	 population	 on	 perinatal	 characteristics.	 The	

secondary	 aim	 was	 to	 assess	 the	 effect	 of	 any	 observed	 perinatal	 selection	 bias	 upon	

association	studies	within	this	cohort.	

	

	

2.4 METHODS	

	

2.4.1 The	Raine	Study	

The	 recruitment	 and	 follow	 up	 of	 the	 Raine	 Study	 has	 previously	 been	 described	 in	 detail	

(Newnham,	 Evans	 et	 al	 1993;	McKnight,	 Newnham	 et	 al	 2012).	 In	 brief,	 between	 1	 January	

1989	and	31	December	1991,	2900	pregnant	women	and	their	fetuses	receiving	antenatal	care	

at	 King	 Edward	 Memorial	 Hospital,	 the	 sole	 tertiary	 referral	 obstetric	 hospital	 in	 Western	

Australia,	 were	 enrolled	 prior	 to	 18	 weeks’	 gestation	 into	 a	 randomised	 controlled	 trial	

investigating	 the	effects	of	 repeated	prenatal	ultrasound	examinations.	 Liveborn	offspring	of	

consenting	parents	were	enrolled	into	a	longitudinal	cohort	study	aimed	at	assessing	the	early	

life	origins	of	adult	disease.	Follow	up	assessments	at	ages	1,	2,	3,	5,	8,	10,	14,	17,	18,	and	20	

years	 were	 undertaken,	 collecting	 substantial	 data	 concerning,	 among	 others,	 perinatal	

factors,	 nutrition,	 behaviour,	 neurodevelopment,	 body	 composition,	 cardiovascular	 and	

metabolic	 parameters,	 musculoskeletal	 health,	 mental	 health,	 socioeconomic	 factors,	 stress	

responses,	genetics	and	epigenetics,	eye	health,	sleep,	and	reproductive	health.			

	

2.4.2 Linked	data		

Linked	 data	 were	 obtained	 from	 the	 Data	 Linkage	 Branch	 of	 the	 Department	 of	 Health,	

Western	Australia,	using	the	Midwives’	Notification	System	and	Hospital	Morbidity	database.	

The	 Midwives’	 Notification	 System	 is	 a	 compulsory	 notification	 of	 every	 birth	 in	 Western	
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Australia.	This	system	reliably	captures	all	births	within	hospitals	and	all	births	attended	by	the	

state-funded	 home	 birth	 programme,	 together	 accounting	 for	 all	 Western	 Australian	 births	

apart	 from	a	statistically	negligible	number	of	unattended	births.	 It	 records	details	 regarding	

the	 mother	 (age,	 height,	 marital	 status,	 gravidity,	 parity,	 ethnicity,	 certainty	 of	 menstrual	

dating),	 the	 pregnancy	 (prenatal	 complications,	 pre-existing	medical	 comorbidities,	 onset	 of	

labour,	 labour	 procedures	 and	 complications,	 and	mode	 of	 delivery),	 and	 the	 baby	 (weight,	

length,	 head	 circumference,	 best	 estimated	 gestation,	 special	 care	 nursery	 admission,	 and	

length	 of	 hospital	 stay).	 This	 is	 the	 only	 time	 point	 at	 which	 reliable	 data	 are	 collected	

regarding	the	health	of	every	individual	in	the	state.	The	Hospital	Morbidity	database	captured	

303	731	hospital	admissions	among	107	285	individuals	between	1980	and	2010.	Of	relevance	

to	this	study,	it	contained	data	regarding	neonatal	morbidity	including	jaundice.		

	

Socioeconomic	status	was	described	using	the	Index	of	Relative	Socioeconomic	Disadvantage	

(IRSD)	 of	 the	 Socioeconomic	 Indexes	 for	 Areas	 (SEIFA)	 by	 the	Australian	 Bureau	of	 Statistics	

(2011).	 These	 data	 were	 available	 either	 during	 pregnancy,	 at	 birth,	 or	 at	 age	 one	 year	 for	

approximately	half	of	 the	Raine	Study	participants	who	participated	 in	 the	14-year	 follow	up	

assessment.	 IRSD	data	were	not	available	for	the	Western	Australian	(WA)	population	subset	

of	mothers	giving	birth	in	Perth,	so	comparisons	were	made	to	the	entire	Western	Australian	

metropolitan	population	as	assessed	at	the	1991	census	(n=1	068	115).	

	

2.4.3 Cohort	subset	comparisons	

In	order	to	assess	how	well	the	Raine	Study	cohort	represents	the	general	Western	Australian	

population	 on	 perinatal	 characteristics,	 the	 liveborn	 offspring	 of	 the	 Raine	 Study	 who	

consented	 to	 follow	 up	 (the	 Raine	 Pregnancy	 Cohort,	 n=2863)	 were	 compared	 to	 the	

remaining	 individuals	 born	 in	 Western	 Australia	 during	 the	 three	 years	 of	 recruitment	

(n=99	141).	 Comparisons	were	made	 between	 five	 subsets	 of	 the	 total	 cohort,	 including:	 (i)	

participants	 at	 recruitment	 (n=2868);	 (ii)	 participants	 of	 the	 five	 year	 follow	 up	 assessment	
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(Raine	5-year	Cohort,	n=2010);	(iii)	participants	of	the	20	year	follow	up	assessment	(Raine	20-

year	Cohort,	n=1213);	 (iv)	participants	with	repeated	 fetal	biometry	and	genome	wide	single	

nucleotide	 polymorphism	 data	 (the	 Raine	 fetal	 growth	 subset,	 n=1377);	 and	 (v)	 participants	

who	 underwent	 ultrasound	 screening	 for	 non-alcoholic	 fatty	 liver	 disease	 at	 age	 17	 years	

(NAFLD)	(the	Raine	NAFLD	subset,	n=879).	The	latter	two	subsets	are	included	as	examples	of	

deliberately	 non-representative	 samples	 of	 the	 entire	 cohort,	 having	 specifically	 excluded	

ethnic	 minorities	 in	 order	 to	 aid	 genetic	 association	 studies,	 to	 allow	 assessment	 of	 any	

selection	bias	introduced	by	deliberate	sampling	in	subgroup	analyses.	

	

2.4.4 Exposure-outcome	associations	

Comparison	methodology	was	adapted	from	Nohr	et	al	(2006)	who	described	an	approach	to	

assess	 bias	 in	 cohort	 studies	 due	 to	 non-participation,	 using	 known	 exposure-outcome	

associations	 within	 the	 study	 population	 and	 the	 source	 population.	With	 this	method,	 the	

strengths	of	the	associations	in	the	two	populations	are	compared	by	the	“relative	odds	ratio”,	

whereby	a	study	population	with	identical	strengths	of	association	as	its	source	population	will	

have	a	 relative	odds	 ratio	of	one.	The	95%	confidence	 interval	of	 the	 relative	odds	 ratio	will	

contain	 one	 if	 there	 is	 no	 statistically	 significant	 bias	 due	 to	 non-participation	 in	 the	 study	

sample	for	that	outcome.		

	

Associations	between	environmental	exposures	in	pregnancy	and	adverse	perinatal	outcomes	

for	 various	 population	 subsets	 were	 assessed	 using	 data	 from	 the	 Midwives’	 Notification	

System.	In	addition,	linking	records	within	the	Midwives’	Notification	System	with	the	Hospital	

Morbidity	 dataset	 allowed	 associations	 between	 epidemiological	 characteristics	 of	 an	

individual	at	and	after	birth.		

	

The	perinatal	exposures	considered	in	comparisons	between	the	Raine	Pregnancy	Cohort	and	

the	 contemporaneously	 born	 general	 WA	 population	 were	 vacuum	 extraction,	 low	 birth	
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weight	(less	than	2500g	at	term),	advanced	maternal	age	(greater	than	30	years),	and	preterm	

birth.	 The	 outcome	 associations	 examined	 were	 spontaneous	 vaginal	 delivery	 and	 elective	

caesarean	 section	 from	 the	Midwives’	 Notification	 System,	 and	 neonatal	 jaundice	 from	 the	

Hospital	Morbidity	database	as	either	the	primary	or	additional	diagnosis.		

	

More	comprehensive	data	available	 for	 the	Raine	Study	subsets	allowed	 the	 investigation	of	

two	further	exposure-outcome	associations:	maternal	smoking	and	low	birth	weight;	and	pre-

eclampsia	and	preterm	birth.	

	

2.4.5 Statistics	

Statistical	 analyses	were	 performed	with	 the	 R	 statistical	 software	 package,	 version	 3.0.1	 (R	

Core	 Team	 2013).	 Comparisons	 between	 groups	 were	 made	 with	 the	 Student’s	 t-test	 for	

continuous	variables	or	the	Chi-square	test	for	categorical	variables.	Bonferroni	correction	for	

multiple	 testing	 suggested	 a	p-value	of	 0.003	as	 the	 threshold	 for	 significance	 for	 exposure-

outcome	 association	 comparisons	 between	 cohorts	 and	 a	 p-value	 of	 0.0003	 for	 perinatal	

characteristics.	All	assessed	variables	were	effectively	normally	distributed	for	the	purposes	of	

parametric	testing,	with	the	exception	of	IRSD	which	was	significantly	skewed	in	distribution.	

Confidence	intervals	for	IRSD	were,	therefore,	calculated	using	a	bootstrapping	method	of	0.2	

trimmed	mean	and	2000	 repetitions	 for	 the	Raine	Study	subsets	and	100	 repetitions	 for	 the	

WA	population	given	the	large	sample	size	of	the	latter	group.	Comparisons	of	IRSD	between	

groups	were	performed	by	the	Wilcoxon	rank-sum	test.		

	

2.4.6 Ethics,	consent,	and	permissions	

The	 Health	 Research	 Ethics	 Committee	 of	 the	 Department	 of	 Health	 (Western	 Australia)	

granted	ethics	approval	 for	 this	 study	 (Project	2010/24,	 July	2010).	The	broader	Raine	Study	

has	 ethics	 approval	 from	 The	 University	 of	 Western	 Australia	 Human	 Research	 Ethics	
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Committee.	Informed	consent	was	provided	by	all	participants.	Participant	assent	and	parental	

consent	was	provided	for	minors.	

	

	

2.5 RESULTS	

	

The	Raine	Study	cohort	had	attrition	across	 its	 follow	up	period	 (Figure	2.1).	Similarities	and	

differences	between	the	Raine	Study	Pregnancy	Cohort	at	birth,	the	contemporaneous	general	

WA	population,	and	subsequent	the	Raine	Study	follow	up	and	analysis	subsets	are	presented	

in	Table	2.1	and	Table	2.2.		

	

Figure	2.1.		Raine	Study	participation	flow	diagram.		

Fetuses	enrolled:	2968 

Livebirths:	2868 

5-year	follow	up 
Eligible:	2711 

Participated:	2236 

20-year	follow	up 
Eligible:	2313 

Participated:	1462 

Deaths:	30 
Withdrawn:	127 

Lost/Deferred:	443 

Deaths:	37 
Withdrawn:	518 

Lost/Deferred:	840 

NAFLD	Subset 
Eligible:	1494 

Participated:	879 

Growth	Subset 
Eligible:	1494 

Participated:	1377 

17-year	follow	up 
Eligible:	2353 

Participated:	1726 

Deaths:	36 
Withdrawn:	480 

Lost/Deferred:	598 
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Compared	 to	 the	WA	population	of	 contemporaneous	births,	 the	Raine	Study	mothers	were	

less	 likely	 to	 be	 married	 (82%	 vs	 89%,	 p<0.0001),	 probably	 reflecting	 the	 relatively	 lower	

socioeconomic	status	of	the	population	referred	to	a	public	tertiary	antenatal	clinic	as,	at	the	

time	 of	 the	 Raine	 Study	 recruitment,	 ex-nuptial	 birth	 was	 strongly	 correlated	 with	 low	

socioeconomic	 status	 (Khoo	and	McDonald	1988)	and,	 indeed,	 IRSD	was	 lower	 in	unmarried	

women	 compared	 to	 married	 women	 in	 the	 Raine	 Pregnancy	 Cohort	 (IRSD	 980	 vs	 1020,	

p<0.0001).	 Whilst	 the	 Raine	 Pregnancy	 Cohort	 IRSD	 was	 not	 different	 to	 the	 whole	 WA	

population	IRSD,	the	whole	WA	population	IRSD	included	elderly	and	non-metropolitan	groups	

which	suggests	IRSD	for	the	source	population	for	the	Raine	Pregnancy	Cohort	(mainly	young	

metropolitan	mothers)	was	likely	to	be	higher	and	the	Raine	Study	average	may	be	elevated	by	

the	exclusion	of	non-participants	in	the	14-year	follow	up	assessment	who	were	more	likely	to	

be	socially	disadvantaged.	Raine	Study	participants	were	more	likely	to	be	Caucasian	(90%	vs	

87%,	p<0.0001),	reflecting	the	English	language	competency	inclusion	criterion	of	the	original	

study.	The	Raine	Study	pregnancies	were	more	complicated	than	the	WA	population	(39%	vs	

30%,	 p<0.0001),	 at	 least	 in	 part	 due	 to	 a	 higher	 rate	 of	 nulliparous	 mothers	 (48%	 vs	 39%,	

p<0.0001)	in	whom	pre-eclampsia	and	fetal	growth	restriction	are	more	common.		

	

Raine	 Study	 infants	 were,	 on	 average,	 61g	 lighter	 at	 birth	 than	 their	 WA	 contemporaries	

(3283g	 vs	 3344g,	 p<0.0001),	 again	 reflecting	 the	 higher	 rate	 of	 nulliparity	 and	 pregnancy	

complications.	 The	 Raine	 Study	 infants	 were	 substantially	 shorter	 at	 birth	 than	 the	 WA	

population	 (48.8cm	 vs	 49.9cm,	 p<0.0001).	 This	 difference	 in	 birth	 length	 accounts	 for	 the	

observed	 difference	 in	 ponderal	 index	 between	 the	 Raine	 Study	 and	 WA	 (27.9kg/m3	 vs	

26.7kg/m3,	 p<0.0001).	 Neonatal	 nursery	 admissions	were	more	 common	 in	 the	 Raine	 Study	

than	in	WA	(9.7%	vs	7.6%,	p<0.0001),	likely	due	to	the	higher	rate	of	pregnancy	complications	

and	caesarean	section	in	the	Raine	Study	and	the	immediate	availability	of	nursery	facilities	in	

the	tertiary	hospital	setting	of	the	Raine	Study.	
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As	 the	 Raine	 Study	 has	 progressed	 over	 more	 than	 two	 decades,	 there	 have	 been	 fewer	

participants	 completing	 all	 components	 of	 cohort	 reviews:	 1213	 participants	 completed	 the	

20-year	assessment	representing	42%	of	the	original	cohort.	In	general,	those	who	continue	to	

engage	 with	 cohort	 assessments	 are	 similar	 to	 the	 original	 Raine	 Pregnancy	 Cohort	 on	

perinatal	 characteristics.	Participants	who	 remained	engaged	were	more	 likely	 to	have	older	

mothers	who	were	married	at	recruitment	than	those	not	participating	in	childhood	and	adult	

reviews.	 	 Socioeconomic	 indices	 showed	 greater	 advantage	 among	 those	 retained	 to	 follow	

up.	 This	 reflects	 selective	 attrition	 of	 those	 from	 socioeconomically	 disadvantaged	

backgrounds.	 	The	pregnancy	and	 infant	data	of	 those	with	continuing	participation	was	not	

significantly	different	to	the	WA	contemporaneous	birth	population	(detailed	data	presented	

in	Table	2.2).	

	

The	 Raine	 Growth	 Subset	 and	 Raine	 NAFLD	 Subset	were	 compared	 to	 the	 Raine	 Pregnancy	

Cohort	by	assessing	their	perinatal	characteristics.		Similar	to	those	completing	the	five	and	20-

year	 cohort	 reviews,	 these	 two	 subsets	 share	 the	 same	 loss	 of	 socioeconomically	

disadvantaged	participants;	 both	had	a	 greater	proportion	of	 older	mothers	 (28.2	 years	 and	

28.8	years	at	 the	Growth	and	NAFLD	 subsets,	 respectively,	 vs	27.5	 years	at	birth)	who	were	

married	at	recruitment	(86%	and	87%	at	the	five	and	20-year	follow	up,	respectively,	vs	82%	at	

birth)	 than	 the	original	 cohort.	Again,	 the	pregnancy	and	 infant	data	of	 those	 in	 the	 subsets	

were	not	significantly	different	to	the	cohort	at	recruitment.	

	

2.5.1 Exposure-outcome	associations	

The	 associations	 between	 epidemiological	 factors	 or	 environmental	 exposures	 and	 health	

outcomes	 are	 presented	 in	 Tables	 2.3,	 2.4,	 and	 2.5.	 	 Among	 the	 general	 contemporaneous	

births	 WA	 population,	 birth	 by	 vacuum	 extraction	 was	 significantly	 associated	 with	 an	

increased	 risk	 of	 neonatal	 jaundice	 (odds	 ratio	 1.42,	 95%	 CI	 1.25	 to	 1.62,	 p<0.001),	 a	

recognised	complication	of	this	obstetric	 intervention.	A	similar	increase	was	observed	in	the	
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Raine	Pregnancy	Cohort	(odds	ratio	2.11,	95%	CI	1.38	to	3.23,	p<0.001),	as	well	as	in	the	Raine	

Study	 subsets,	 although	 this	 trend	 did	 not	 maintain	 statistical	 significance	 in	 the	 smaller	

subsets	(Table	2.3).	The	relative	odds	ratio	confidence	intervals	for	this	association	all	included	

one,	not	suggestive	of	significant	selection	bias	upon	these	particular	outcomes	(Table	2.4).	

	

Similarly,	low	birth	weight	was	associated	with	a	significantly	decreased	likelihood	of	birth	by	

spontaneous	vaginal	delivery	than	babies	of	normal	birth	weight,	with	small	fetuses	25%	less	

likely	to	be	born	by	spontaneous	vaginal	delivery	(Table	2.3).	This	observation	was	consistent	

between	the	general	contemporaneous	births	WA	population	(odds	ratio	0.73,	95%	CI	0.71	to	

0.75,	p<0.001)	and	the	Raine	Pregnancy	Cohort	(odds	ratio	0.77,	95%	CI	0.65	to	0.91,	p=0.002)	

as	well	 as	 in	 the	 Raine	 Study	 subsets,	 although	 again	 this	 trend	 did	 not	maintain	 statistical	

significance	 in	 the	 smallest	 subsets.	 The	 relative	 odds	 ratio	 confidence	 intervals	 for	 this	

association	 all	 included	 one,	 again	 suggesting	 that	 the	 Raine	 Study	 is	 representative	 of	 its	

source	population	for	this	outcome	(Table	2.4).	

	

Maternal	 age	 greater	 than	 30	 years	 was	 associated	 with	 a	 significant	 increase	 in	 elective	

caesarean	 delivery:	 approximately	 double	 the	 rate	 in	 younger	 mothers	 across	 the	 general	

contemporaneous	 births	WA	 population	 and	 all	 Raine	 Study	 subsets.	 A	 similar	 pattern	 was	

demonstrated	 for	 the	 association	 between	 preterm	 birth	 and	 neonatal	 jaundice.	 This	

consistency	 of	 associations	 across	 the	 various	 cohorts	 leads	 to	 relative	 odds	 ratios	 close	 to	

one,	 and	 confidence	 intervals	 including	 one,	 failing	 to	 demonstrate	 evidence	 of	 significant	

selection	bias	for	these	associations	(Table	2.4).		

	

The	relative	odds	ratios	for	associations	between	preterm	birth	and	neonatal	 jaundice	 in	the	

five-	and	20-year	subsets	deviated	substantially	from	one	(Table	2.3),	and	it	may	be	that	this	

association	 is	 particularly	 sensitive	 to	 the	 effects	 of	 cohort	 attrition.	 The	 reasons	 for	 this	

sensitivity	 are	 not	 entirely	 clear,	 however	 a	 contribution	 may	 relate	 to	 loss	 of	 estimate	
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precision	 with	 the	 reduction	 in	 sample	 size	 due	 to	 cohort	 attrition	 and	 subgroup	 analysis.	

However,	 the	confidence	 intervals	 still	 included	one	suggesting	a	 lack	of	 significant	 selection	

bias	for	this	association.	

	

These	four	exposure-outcome	associations,	with	the	two	additional	comparisons	of	maternal	

smoking	during	pregnancy	and	low	birth	weight	and	of	pre-eclampsia	and	preterm	birth,	were	

compared	 between	 the	 Raine	 Pregnancy	 Cohort	 and	 the	 subsequent	 subsets	 of	 the	 Raine	

Study	 (Table	 2.5).	 The	 majority	 of	 analyses	 suggested	 that	 the	 Raine	 Study	 subsets	 were	

representative	 of	 the	 original	 cohort	 at	 birth	 for	 these	 outcomes,	 despite	 the	 apparent	

demographic	differences	which	occurred	among	the	cohort	during	the	course	of	follow	up	in	

association	 with	 some	 attrition	 of	 socioeconomically	 disadvantaged	 participants	 during	 the	

course	of	follow	up.	Only	the	associations	between	vacuum	extraction	and	neonatal	 jaundice	

suggested	that	bias	may	have	been	introduced	by	the	subgroup	analysis	of	the	Raine	Growth	

and	 NAFLD	 Subsets,	 with	 relative	 odds	 ratio	 confidence	 intervals	 excluding	 one	 for	 these	

comparisons.		

	

	

	

	

	

	

	

	 	



Chapter	2	–	Raine	Study	representativeness	

	
107	

	
	
	 	



Chapter	2	–	Raine	Study	representativeness	

	
108	

	
	 	



Chapter	2	–	Raine	Study	representativeness	

	
109	

	



Chapter	2	–	Raine	Study	representativeness	
	

110	

2.6 DISCUSSION	

	

Assessing	 the	 perinatal	 characteristics	 of	 the	 Raine	 Pregnancy	 Cohort	 demonstrates	 several	

statistically	 and	potentially	 clinically	 significant	demographic	differences	between	 the	 cohort	

and	 its	 source	population	of	 contemporaneously	born	Western	Australians.	Moreover,	 there	

have	 been	 some	 further	 demographic	 changes	 in	 the	 cohort	 as	 it	 has	 evolved	 over	 the	 two	

decades	 of	 the	 study	 through	 non-participation	 in	 follow	 up	 and	 subgroup	 analyses.	Whilst	

non-participation	has	 resulted	 in	 some	minor	demographic	differences	 compared	 to	 the	WA	

contemporaneous	birth	population,	 exposure-outcome	association	 analyses	 suggest	 that	 the	

Raine	cohort	 is	not	biased	and	 is	generally	representative	of	the	WA	population.	 	These	data	

suggest	that	the	Raine	Study	is	valuable	for	association	studies,	even	after	20	years	of	cohort	

reviews	with	increasing	non-participation	of	cohort	members.	

	

The	 demographic	 differences	 between	 the	 Raine	 cohort	 and	 the	 WA	 population	 have	 the	

potential	 to	 influence	 the	 capacity	 of	 the	 Raine	 Study	 to	 demonstrate	 exposure-outcome	

associations	 and	 to	 diminish	 the	 external	 validity	 of	 the	 findings	 of	 the	 Raine	 Study.	 It	 is	

important,	 however,	 to	 recognise	 that	 statistically	 significant	 demographic	 non-

representativeness	does	not	necessarily	result	 in	significant	selection	bias,	and	this	should	be	

assessed	 independently	 of	 demographic	 characteristics.	 One	 method	 of	 assessing	 bias	 in	

cohort	 studies	due	 to	non-participation	 is	 to	 compare	exposure-outcome	associations	within	

the	study	population	and	the	source	population.	When	this	method	was	applied	to	the	Raine	

pregnancy	 cohort,	 and	 the	 five-	 and	 20-year	 follow	 up	 cohorts,	 the	 exposure-outcome	

association	 comparisons	 were	 all	 not	 significantly	 different	 to	 the	 exposure-outcome	 odds	

ratios	 in	the	WA	general	population	of	contemporaneous	births.	These	data	suggest	that	any	

demographic	differences	 that	exist	between	the	WA	population	and	the	Raine	study	cohorts	

have	not	 introduced	significant	bias	 into	the	Raine	study,	suggesting	the	Raine	study	findings	

can	be	generalised	to	the	WA	population.		
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In	general,	any	selection	bias	due	to	non-participation	in	follow	up	assessments	appears	not	to	

have	 any	 substantial	 effect	 on	 the	 representativeness	 of	 the	 evolving	 Raine	 Study	 for	 the	

outcomes	assessed.	It	must	be	acknowledged	that	this	study	is	unable	to	exclude	an	effect	of	

selection	bias	for	all	possible	outcomes,	however,	the	consistency	of	null	findings	suggests	that	

cohort	 non-participation	 does	 not	 introduce	 systematic	 bias	 into	 the	 findings	 of	 the	 Raine	

Study	and	the	generalizability	of	findings	to	the	source	population.	

	

Of	the	six	exposure-outcome	associations	tested,	only	one	suggested	that	significant	bias	may	

be	 present	 when	 comparing	 the	 original	 Raine	 Pregnancy	 Cohort	 to	 the	 genetic	 analysis	

subsets	 of	 Growth	 and	 NAFLD.	 This	 is	 not	 entirely	 unexpected,	 as	 these	 subsets	 were	

specifically	designed	 to	be	ethnically	homogeneous	and	 this,	 by	design,	has	 introduced	non-

representativeness	 to	 these	 subsets.	 This	 deliberate	 homogeneity	 is	 required	 for	 genetic	

analyses,	 as	 ethnic	 genetic	 heterogeneity	 has	 the	 capacity	 to	 cloud	 the	 often	 subtle	

associations	with	single	genetic	variants:	this	is	an	example	of	a	study	design	where	population	

representativeness	 is	 neither	 necessary	 nor	 helpful.	 This	 potential	 source	 of	 bias	 must,	

however,	be	taken	into	account	when	extrapolating	the	findings	of	these	particular	subgroup	

analyses	 to	 the	 general	 population,	 and	 similar	 caution	 should	 be	 applied	 to	 other	 analyses	

from	deliberately	non-representative	subgroups.	

	

One	of	the	strengths	of	the	Raine	Study,	when	compared	to	contemporaneous	cohort	studies,	

is	its	high	cohort	retention	over	the	last	20	years	despite	the	frequency	of	cohort	reviews	and	

the	 significant	 time	 commitment	 required	 of	 participants	 at	 each	 of	 these	 reviews.	 This	 is	

largely	 due	 to	 the	 substantial	 investment	 in	 cohort	 management,	 including	 participant	

involvement	and	the	use	of	emerging	social	media	technologies	in	cohort	engagement.	There	

has,	 however,	 been	 some	 selective	 attrition	 of	 participants	 from	 socioeconomically	

disadvantaged	 perinatal	 backgrounds	 who	 may	 face	 greater	 challenges	 to	 ongoing	
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participation	and	are	more	difficult	to	engage	(Krishnan,	Wu	et	al	2011).	How	these	perinatal	

socioeconomic	 changes	 reflect	 changes	 in	 subsequent	 assessments	 of	 socioeconomic	 status	

should	be	evaluated	in	further	research.	

	

Cohort	 studies	 are	 expensive	 to	 recruit	 and	 even	 more	 expensive	 to	 regularly	 review	 for	

decades;	 the	 Raine	 pregnancy	 cohort	 cost	 more	 than	 AUD$1M	 to	 recruit	 and	 more	 than	

AUD$25M	has	 been	 spent	 on	 cohort	 reviews.	 	 The	 data	 in	 this	 study	 demonstrate	 that	 this	

money	 has	 been	 well	 spent	 because	 even	 though	 non-participation	 in	 cohort	 reviews	 has	

increased	over	time,	those	who	continue	to	participate	are	a	non-biased	group	representative	

of	 the	WA	population.	 	Providing	that	attrition	rates	are	 limited,	 the	value	of	 this	cohort	will	

increase	as	 they	age	due	 to	 the	unique	nature	of	 the	Raine	pregnancy	cohort	with	 its	dense	

data	 collected	 during	 pregnancy	 and	 the	 hundreds	 of	 thousands	 of	 phenotype	 measures	

available	for	analyses.	

	

This	 work	 is	 potentially	 limited	 to	 its	 confinement	 to	 assessment	 of	 selection	 bias	 within	

exposures	 and	 outcomes	 within	 the	 perinatal	 period.	 Selection	 bias	 may	 exist	 in	 later	

outcomes	 which	 have	 not	 been	 assessed	 with	 this	 approach.	 Available	 data	 did	 not	 permit	

accurate	assessment	of	health	outcomes	at	later	life	stages	due	to	the	relative	infrequency	of	

morbidity	 severe	 enough	 to	 be	 captured	 by	 hospital	 admissions.	 Alternative	 approaches	 to	

assessment	 of	 selection	 bias,	 such	 as	multiple	 imputation,	 are	 likely	 to	 be	 of	 benefit	 to	 the	

Raine	Study	and	this	will	be	a	target	of	future	research.	
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2.7 SUMMARY	

	

The	 Raine	 Study	 cohort	 had,	 at	 recruitment,	 slightly	 different	 perinatal	 demographic	

characteristics	 to	 the	 general	 contemporaneous	 births	 WA	 population.	 As	 the	 Raine	 Study	

cohort	 has	 evolved	 over	 time	 there	 has	 been	 a	 shift	 in	 demographic	 characteristics	 back	

towards	 the	 source	 population	 which	 may	 or	 may	 not	 have	 made	 the	 cohort	 more	

representative	 depending	 on	 the	 unknown	 influences	 of	 unmeasured	 potential	 factors.	

Neither	 the	 limited	 perinatal	 differences	 at	 recruitment	 nor	 at	 later	 follow	 up	 assessments	

appear	 to	 have	 resulted	 in	 significant	 selection	 bias.	 Subgroup	 analyses,	 however,	 may	 be	

somewhat	less	representative,	limiting	the	external	validity	of	the	findings	of	the	Raine	Study	

to	broader	populations,	especially	to	non-Caucasian	populations.	
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3.1 OVERVIEW	

 

There	 is	 clear	 evidence	 that	 abnormal	 early	 life	 growth	 patterns	 are	 associated	 with	 adult	

metabolic	disease	risk.	Previous	studies	have	employed	various	definitions	of	early	life	growth.	

Birth	 weight,	 the	 most	 common	 descriptor,	 is	 a	 poor	 descriptor	 of	 the	 adequacy	 of	 fetal	

growth	as	it	 is	substantially	 influenced	by	many	other	factors	such	as	gestational	age	at	birth	

and	maternal,	 paternal,	 and	 fetal	 characteristics.	Methods	 of	 customisation	 of	 birth	 weight	

attempt	to	account	for	these	contributors	to	better	describe	an	individual’s	actual	birth	weight	

compared	 to	 their	 growth	 potential.	 There	 is	 evidence	 to	 suggest	 that	 such	 approaches	 are	

better	 able	 to	 identify	 abnormally	 grown	 individuals	 who	 are	 at	 increased	 risk	 of	 adverse	

perinatal	outcomes.		

	

Other	 studies	 assess	 alternative	 descriptors	 of	 fetal	 growth.	 Fetal	 abdominal	 circumference	

may	 be	 particularly	 suited	 as	 an	 indicator	 of	 fetal	 nutrition.	 In	 this	 chapter,	 I	 developed	

customised	 fetal	 biometric	 charts	 to	 describe	 an	 individual’s	 actual	 abdominal	 growth	 in	

relation	to	their	growth	potential	by	accounting	for	influences	of	prenatal	growth.		

	

In	this	chapter	I	have	presented	the	evidence	of	the	benefits	and	disadvantages	of	customised	

assessment	 of	 fetal	 growth	 as	 it	 stood	 at	 the	 time.	 Since	 this	 paper	 was	 accepted	 for	

publication,	however,	 the	publication	of	 the	 INTERGROWTH-21st	Project	has	cast	doubt	as	 to	

the	 added	 value	 of	 customisation,	 with	 remarkably	 similar	 fetal	 growth	 standards	 found	 in	

widely	 varied	 populations	 (Papageorghiou,	 Ohuma	 et	 al	 2014).	 Comparisons	 between	

customised	fetal	growth	assessments	and	the	INTERGROWTH-21st	fetal	growth	standards	with	

respect	 to	 perinatal	 outcomes	 have	 not	 yet	 been	 undertaken	 prospectively	 on	 a	 sufficiently	

large	 scale	 to	draw	valid	 conclusions	about	one’s	 superiority	over	 the	other.	However,	using	

customised	versus	 INTERGROWTH-21st	birth	weight	standards,	customisation	may	provide	an	

improved	 detection	 of	 abnormally	 grown	 individuals	 at	 increased	 perinatal	 risk	 (Anderson,	
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Sadler	 et	 al	 2016).	 Further	 research	 remains	 to	 be	 conducted	 before	 one	 approach	 can	 be	

supported	over	the	other.	

	

Acknowledging	this	potential	shift	in	debate,	this	chapter	is	presented	as	it	was	published	as:	

	

White	 SW,	 Marsh	 JA,	 Lye	 SJ,	 Briollais	 L,	 Newnham	 JP,	 Pennell	 CE.	 Improving	

customised	 biometry	 by	 longitudinal	 modelling.	 J	 Matern	 Fetal	 Neonatal	 Med.	

2016;29(12):1888-94.	
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3.2 ABSTRACT		

	

Objective:	To	develop	customised	biometric	charts	to	better	define	abnormal	fetal	growth.		

Methods:	1,056	singleton	fetuses	from	the	Raine	Study	underwent	serial	ultrasound	biometry	

(abdominal	circumference	[AC],	head	circumference,	and	femur	length)	at	18,	24,	28,	34,	and	

38	 weeks’	 gestation.	 Customised	 biometry	 trajectories	 were	 developed	 adjusting	 for	

epidemiological	 influences	 upon	 fetal	 biometry	 using	 covariates	 available	 at	 18	 weeks’	

gestation.	Prediction	accuracy	 (areas	under	 the	 receiver	operating	characteristic	 curve	 [AUC]	

and	95%	confidence	 interval	 [95%CI])	was	evaluated	by	repeated	random	sub-sampling	cross	

validation.	

Results:		The	model	for	derived	estimated	fetal	weight	(EFW)	performed	well	for	EFW	less	than	

10th	 predicted	 percentile	 (AUC=0.695,	 95%CI	 0.692	 to	 0.699)	 and	 EFW	 greater	 than	 90th	

predicted	percentile	(AUC=0.705,	95%CI	0.702	to	0.708).	Fetal	AC	was	also	well	predicted	for	

growth	 restriction	 (AUC=0.789,	 95%CI	 0.784	 to	 0.794)	 and	 macrosomia	 (AUC=0.796,	 95%CI	

0.793	to	0.799).	Population-derived,	sex-specific	charts	misclassified	7.9%	of	small	fetuses	and	

10.7%	of	large	fetuses	as	normal.	Conversely,	9.2%	of	those	classified	as	abnormally	grown	by	

population-derived	charts	were	considered	normal	by	customised	charts,	potentially	leading	to	

complications	of	unnecessary	intervention.		

Conclusions:	 Customised	 fetal	 biometric	 charts	 may	 offer	 improved	 ability	 for	 clinicians	 to	

detect	deviations	from	optimal	fetal	growth	and	influence	pregnancy	management.	
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3.3 INTRODUCTION	

	

Fetal	growth	is	the	result	of	complex	 interactions	between	the	 intrauterine	environment	and	

fetal	genetics.	The	intrauterine	environment	is	influenced	by	many	factors	including	maternal	

medical	 conditions,	 pregnancy	 complications,	 maternal	 nutrition	 and	 metabolism,	

environmental	exposures,	and	maternal	genetics.	Abnormalities	in	fetal	growth	are	important	

due	 to	 their	 associations	with	 perinatal	morbidity	 and	mortality	 (Pallotto	 and	 Kilbride	 2006)	

and	 neurodevelopmental	 outcomes	 (Walker	 and	Marlow	 2008),	 as	well	 as	 their	 increasingly	

recognised	associations	with	adult	health	and	disease	(Gluckman,	Hanson	et	al	2008).		

	

Fetal	 growth	 is	 routinely	 assessed	 prenatally	 using	 population	 based	 biometry	 charts.		

Alternatively,	 customised	 growth	 charts	 derived	 from	 term	 optimal	 birth	 weight	 can	 be	

utilised.	 Customization	 attempts	 to	 simplify	 the	 distinction	 between	 the	 “constitutionally	

small”	fetus,	which	is	undergoing	appropriate	growth,	and	the	“growth	restricted”	fetus,	which	

is	 not	 meeting	 its	 growth	 potential.	 A	 number	 of	 authors	 have	 demonstrated	 improved	

detection	 of	 those	 small	 for	 gestational	 age	 fetuses	 with	 higher	 rates	 of	 perinatal	

complications	 using	 customised	 growth	 charts	 based	 on	 estimated	 fetal	 weight	 (EFW)	

compared	to	population	based	fetal	growth	charts	(Clausson,	Gardosi	et	al	2001;	Gelbaya	and	

Nardo	2005;	Ego,	Subtil	et	al	2006;	Figueras,	Figueras	et	al	2007;	Bukowski,	Uchida	et	al	2008;	

Gardosi,	 Clausson	 et	 al	 2009;	 Narchi,	 Skinner	 et	 al	 2010).	 This	 has	 led	 the	 Royal	 College	 of	

Obstetricians	 and	 Gynaecologists	 to	 recommend	 that	 fetal	 growth	 be	 assessed	 using	

customised	growth	charts	(Robson,	Martin	et	al	2013).		

	

Others	have	questioned	the	value	of	customization,	with	suggestions	that	the	majority	of	the	

apparent	 benefit	 of	 customization	 relates	 to	 the	 use	 of	 an	 ultrasound-derived	 intrauterine	

standard	of	fetal	growth	as	compared	to	a	birth	weight-derived	standard	(Hutcheon,	Zhang	et	

al	2008;	Hutcheon,	Zhang	et	al	2011).	Preterm	infants	are	more	likely	to	be	growth	restricted,	



Chapter	3	–	Customised	fetal	biometry	
	

	
119	

and	 the	weights	 of	 infants	 born	 preterm	 are,	 on	 average,	 lower	 than	 those	 of	 their	 unborn	

counterparts	 at	 the	 same	 gestational	 age,	 skewing	 the	 observed	 range	 for	 birth	 weight	

downward	 (Morken,	 Kallen	 et	 al	 2006).	 Customised	models	 derive	 the	 normal	 range	 across	

gestation	 based	 upon	 ultrasound	 studies	 of	 unborn	 fetuses	 and	 therefore	 represent	 an	

intrauterine	 standard	 for	 weight.	 Hutcheon	 et	 al	 (Hutcheon,	 Walker	 et	 al	 2011)	 studied	 a	

simulated	cohort	of	100,000	neonates	and	found	that	customization	provided	marginal	benefit	

over	using	an	appropriate	intrauterine	standard	of	growth	based	solely	on	gestational	age	and	

sex.	By	 contrast,	 however,	Gardosi	 et	 al	 demonstrated	a	 significant	benefit	 of	 customization	

beyond	 simply	 that	 of	 an	 intrauterine	 standard,	 providing	 evidence	 for	 the	 superiority	 of	

customised	charts	over	population-derived	(Gardosi,	Clausson	et	al	2009).	

	

A	potential	 limitation	of	 the	 current	 customised	 fetal	 growth	 charts	 is	 their	 basis	 on	 EFW,	 a	

derived	value	calculated	from	measures	of	fetal	biometry.		EFW	is	assumed	to	have	a	constant	

trajectory	 throughout	 pregnancy	 and	 to	 accurately	 describe	 the	 overall	 appropriateness	 of	

fetal	growth,	but	this	is	not	necessarily	true	(Overpeck,	Hediger	et	al	1999;	Merialdi,	Caulfield	

et	al	2005;	Hemachandra	and	Klebanoff	2006).	Clinically	 it	 is	often	useful	to	assess	 individual	

fetal	growth	parameters	in	relation	to	each	other,	with	variations	in	abdominal	circumference	

(AC)	more	descriptive	of	 fetal	nutrition	 than	head	circumference	 (HC)	and	 femur	 length	 (FL),	

which	 better	 describe	 brain	 and	 skeletal	 growth,	 respectively	 (Lee,	 Balasubramaniam	 et	 al	

2009).	In	their	review,	Chang	et	al	(Chang,	Robson	et	al	1992)	found	fetal	AC	assessment	more	

sensitive	 in	 the	 detection	 of	 small-for-gestational	 age	 fetuses	 than	 EFW,	 although	 this	 was	

refuted	subsequently	(Chang,	Robson	et	al	1993),	and	there	is	no	recent	evidence	to	confirm	

superiority	of	either	descriptor.		

	

Customised	 fetal	AC	 trajectory	charts	may	be	more	sensitive	and	specific	 in	 the	detection	of	

abnormal	fetal	growth	than	customised	EFW.	Two	groups	have	previously	reported	developing	

customised	fetal	biometric	charts	in	cohorts	of	174	and	500	fetuses,	respectively	(Pang,	Leung	
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et	al	2003;	Schmidt,	Staboulidou	et	al	2007).	Both	found	this	a	feasible	approach	but	requiring	

further	development	within	larger	cohorts.	

	

The	 aim	 of	 this	 study	 was	 to	 develop	 customised	 prenatal	 biometric	 growth	 charts	 and	 to	

assess	their	capacity	to	refine	the	detection	of	abnormal	fetal	growth.	

 

 

3.4 METHODS	

	

3.4.1 Subjects	

The	Western	 Australian	 Pregnancy	 Cohort	 (Raine)	 Study	was	 established	 between	 1989	 and	

1991	 when	 2,900	 pregnant	 women	 and	 their	 fetuses	 were	 enrolled	 into	 a	 randomised	

controlled	 trial	 which	 aimed	 to	 investigate	 the	 effects	 of	 repeated	 ultrasound	 in	 pregnancy	

(Newnham,	Evans	et	al	1993).	Recruitment	and	data	collection	have	been	described	 in	detail	

previously	(Newnham,	Evans	et	al	1993;	Macdonald,	Newnham	et	al	1996).	Briefly,	participants	

were	recruited	from	the	antenatal	clinic	at	King	Edward	Memorial	Hospital.	Ninety	percent	of	

eligible	women	agreed	to	participate	in	the	trial.		

	

Women	 were	 recruited	 between	 16	 and	 18	 weeks’	 gestation	 and	 randomised	 to	 intensive	

ultrasound	assessment,	with	 fetal	biometry	and	Doppler	assessment	of	umbilical	artery	 (UA)	

flow	 at	 18,	 24,	 28,	 34,	 and	 38	 weeks’	 gestation,	 or	 to	 routine	 clinical	 care	 with	 ultrasound	

imaging	 performed	 at	 18	weeks’	 gestation	 and	 thereafter	 as	 clinically	 indicated.	 Gestational	

age	was	calculated	by	recalled	last	menstrual	period.	In	the	case	of	uncertain	menstrual	dates	

or	when	 there	was	a	discrepancy	of	more	 than	 seven	days	between	clinical	 and	ultrasound-

estimated	gestation,	the	gestational	age	was	determined	by	the	18	week	or	earlier	ultrasound	

estimation	(30%	of	cases).		
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This	study	evaluated	the	fetal	growth	trajectories	of	individuals	in	the	Raine	Study	who	were	in	

the	 intensive	ultrasound	assessment	group	of	 the	original	 trial.	 	 Specifically,	1,056	Caucasian	

mothers	who	delivered	term	singletons	without	significant	congenital	anomalies	were	included	

in	 analyses.	 There	 were	 insufficient	 members	 of	 non-Caucasian	 racial	 groups	 (20%	 of	 the	

original	 1,415	 randomised	 to	 serial	 ultrasound)	 to	 achieve	 adequate	 power	 to	 evaluate	 the	

known	ethnic	influences	upon	fetal	growth	(Gardosi,	Chang	et	al	1992).		

	

Institutional	ethics	approval	was	granted	by	the	Ethics	Committees	of	King	Edward	Memorial	

and	Princess	Margaret	Hospitals.	

	

3.4.2 Data	collection	

Maternal,	 paternal,	 socioeconomic,	 and	 pregnancy	 characteristics	 were	 self-reported	

prospectively	 by	 questionnaire	 at	 16	 and	 34	weeks’	 gestation.	 Research	midwives	 recorded	

medical,	pregnancy	and	birth	outcomes	from	review	of	medical	records.		

	

Fetal	 HC,	 AC,	 and	 FL	 were	 measured	 in	 triplicate.	 Umbilical	 artery	 Doppler	 flow	 velocity	

waveforms	 were	 obtained	 and	 flow	 patterns	 were	 classified	 by	 a	 single	 Maternal	 Fetal	

Medicine	specialist	as	“normal”	(umbilical	artery	systolic:diastolic	[SD]	ratio	less	than	the	95th	

percentile	 for	 gestational	 age)	 or	 “abnormal”	 (umbilical	 artery	 SD	 ratio	 persistently	 greater	

than	 95th	 percentile	 for	 gestational	 age	 or	 absent	 or	 reversed	 end-diastolic	 flow).	 	 EFW	was	

calculated	using	the	formula	by	Hadlock	(Hadlock,	Harrist	et	al	1985).	Weight	was	measured	at	

birth.	

	

3.4.3 Statistical	analysis	

Longitudinal	 analyses	 of	 ultrasound	 anthropometrics	 were	 performed.	 Linear	 mixed	 effects	

models	 were	 used	 to	 analyse	 HC,	 AC,	 FL,	 and	 EFW,	 including	 terms	 for	 gestational	 time	

(polynomials	 time	 and	 time-squared),	 fetal	 sex,	 maternal	 and	 paternal	 anthropometrics,	
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maternal	 medical	 conditions,	 smoking	 and	 alcohol	 intake	 during	 pregnancy,	 and	

socioeconomic	 factors.	 In	 addition,	 random	 effects	 were	 fitted	 for	 each	 individual	 for	 slope	

(time)	and	 intercept.	 It	was	necessary	 to	 transform	HC	 (HC0.5),	AC	 (AC0.4),	 FL	 (FL0.7),	 and	EFW	

(log10EFW)	 to	 meet	 model	 assumptions	 (homoscedasticity	 in	 the	 residuals).	 There	 were	

insufficient	numbers	of	mothers	with	diabetes,	preeclampsia,	or	renal	disease	to	ensure	non-

singularity,	model	convergence,	or	robust	model	estimates.		

	

A	 cross-sectional	 analysis	of	birth	weight	was	performed	using	multivariate	 linear	 regression	

including	 terms	 for	 gestational	 age	 at	 birth,	 parity,	 placental	 weight,	 maternal	 gestational	

weight	gain,	and	the	covariates	listed	above.	

	

Continuous	 variables	 were	 centred	 to	 reduce	 potential	 collinearity.	 Parity	 was	 factored	 to	

create	 the	 categories	 0,	 1,	 2,	 3,	 and	 ≥4	 due	 to	 small	 numbers	 of	 women	 of	 higher	 parity.	

Maternal	 smoking	 at	 any	 point	 during	 pregnancy	 was	 coded	 using	 an	 indicator	 variable.	

Maternal	hypertension	was	defined	as	blood	pressure	greater	than	140/90	mmHg	at	any	point	

in	the	pregnancy.	Maternal	anaemia	was	defined	as	maternal	haemoglobin	 less	than	100g/L.	

Socioeconomic	factors	of	maternal	education,	maternal	job	type,	and	family	income	when	the	

child	was	one	year	old	were	included	in	analyses.	Analyses	were	performed	with	the	statistical	

package	R,	version	2.10.1	(R	Foundation	for	Statistical	Computing,	Vienna,	Austria).		

	

3.4.4 Customised	biometric	charts	

Customised	 fetal	 growth	 trajectories	 were	 developed	 from	 the	 multivariate	 models	 of	 the	

epidemiological	influences	upon	fetal	biometric	parameters	by	calculating	individual	predicted	

values	for	HC,	AC,	FL,	and	EFW	for	each	week	of	gestation	between	18	and	40	weeks	and	fitting	

a	line	through	these	values,	using	the	formulae:	
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𝐻𝐶?.@ = 16.202 + 0.303×𝐺𝐴 + 0.004×𝐻𝑡 − 0.010×𝐺𝐴I + 0.136×𝑀𝑎𝑙𝑒	𝑠𝑒𝑥 

+	0.0003×𝐺𝐴×𝐻𝑡 

 

𝐴𝐶?.L = 	8.989 + 0.166×𝐺𝐴 + 0.020×𝑀𝑎𝑙𝑒	𝑠𝑒𝑥 − 0.001×𝐻𝑡 − 0.003×𝐺𝐴I + 0.003×𝐴𝑔𝑒

+ 0.001×𝑊𝑡 − 0.002×𝐺𝐴×𝑀𝑎𝑙𝑒	𝑠𝑒𝑥 + 0.0002×𝐺𝐴×𝐻𝑡 

 

𝐹𝐿?.Q = 16.185 + 0.519×𝐺𝐴 + 0.008×𝐻𝑡 − 0.012×𝐺𝐴I − 	0.069×𝑀𝑎𝑙𝑒	𝑠𝑒𝑥 

+	0.001×𝐺𝐴×𝐻𝑡 

 

𝑙𝑜𝑔4?𝐸𝐹𝑊 = 3.092 + 0.055×𝐺𝐴 + 0.0001×𝐻𝑡 − 0.001×𝐺𝐴I + 0.0003×𝑊𝑡

+ 0.0001×𝐺𝐴×𝐻𝑡 

𝑤ℎ𝑒𝑟𝑒: 

	𝐺𝐴 = 𝑔𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑔𝑒 − 28	 𝑤𝑒𝑒𝑘𝑠 ,	 

𝐻𝑡 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	ℎ𝑒𝑖𝑔ℎ𝑡 − 164	 𝑐𝑚 , 

	𝑀𝑎𝑙𝑒	𝑠𝑒𝑥 = 1	𝑓𝑜𝑟	𝑎	𝑚𝑎𝑙𝑒	𝑓𝑒𝑡𝑢𝑠	𝑜𝑟	0	𝑓𝑜𝑟	𝑎	𝑓𝑒𝑚𝑎𝑙𝑒	𝑓𝑒𝑡𝑢𝑠,	 

𝐴𝑔𝑒 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑎𝑔𝑒 − 28	 𝑦𝑒𝑎𝑟𝑠 , 𝑎𝑛𝑑 

𝑊𝑡 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑝𝑟𝑒 − 𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	𝑤𝑒𝑖𝑔ℎ𝑡 − 60	 𝑘𝑔 .		 

 

Charts	 were	 generated	 using	 covariates	 available	 at	 18	 weeks’	 gestation	 with	 smoking	 and	

abnormal	 umbilical	 artery	 waveform	 modelled	 as	 absent	 such	 that	 pathologic	 growth	

restriction	 associated	 with	 these	 factors	 could	 be	 detected.	 The	 predicted	 10th	 and	 90th	

percentiles	 defined	 the	 normal	 range	 and	 represent	 the	 lower	 and	 upper	 limits	 of	 the	 80%	

prediction	 interval	 of	 the	 linear	mixed	 effects	model.	 Prediction	 accuracy	 was	 evaluated	 by	

repeated	random	sub-sampling	cross	validation	methodology	(200	repetitions	of	a	1:5	random	

population	sub-sample).	

	

The	 customised	 chart	 for	 each	 individual	 was	 then	 considered	 the	 gold	 standard	 for	 the	

diagnosis	 of	 abnormal	 fetal	 growth.	 Where	 there	 was	 discordance	 in	 the	 classification	 of	
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growth	 as	 normal	 or	 abnormal	 by	 population	 or	 customised	 charts,	 the	 classification	 by	 the	

customised	chart	was	deemed	to	be	correct.	

	

	

3.5 RESULTS	

	

Parental	demographics,	pregnancy	characteristics,	and	fetal	characteristics	are	summarised	in	

Table	3.1.	Mothers	were	on	average	27.5	years	of	age	with	BMI	22.2kg/m2	and	30%	smoked	

during	 pregnancy.	 Pregnancy	was	 complicated	 by	 diabetes	 in	 3%,	 hypertension	 in	 25%,	 pre-

eclampsia	 in	 3%,	 and	 abnormal	 umbilical	 artery	 waveform	 in	 12%.	 Table	 3.2	 presents	 the	

results	 of	 the	 longitudinal	 growth	 analysis	 of	 FL,	 HC,	 AC,	 and	 EFW,	 and	 the	 cross-sectional	

analysis	of	birth	weight.	

	

3.5.1 Fetal	anthropometry	

Significant	 associations	with	 fetal	 growth	were	 found	 for:	 (1)	 the	maternal	 characteristics	 of	

age,	 height,	 pre-pregnancy	 weight,	 parity,	 and	 gestational	 weight	 gain;	 (2)	 the	 fetal	

characteristics	of	gestational	age	and	sex;	and	(3)	pregnancy	complications	including	diabetes,	

hypertension,	 maternal	 smoking,	 anaemia,	 and	 abnormal	 umbilical	 artery	 waveform.	 Male	

fetuses	 were	 generally	 larger	 than	 females;	 however,	 female	 fetuses	 had	 greater	 femoral	

growth	(Table	3.2).	This	suggests	that	sex	differences	in	body	structure	are	present	as	early	as	

fetal	life.	

	

Maternal	height,	a	surrogate	for	maternal	pelvic	size,	was	a	significant	determinant	of	HC,	AC,	

and	FL.	Growth	rates	of	all	parameters	slowed	with	advancing	gestation.	This	effect	was	more	

pronounced	 for	HC	 and	 FL,	 descriptors	 of	 skeletal	 growth,	 than	 for	 AC,	 a	 descriptor	 of	 fetal	

nutrition.	 There	 were	 significant	 interactions	 between	 maternal	 height	 and	 gestational	 age	
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Table	3.1.	Demographic	characteristics	of	the	study	population.	

	
	

	
	
	 	

M
at
er
na

l	

	
Age,	years	
Weight,	kg	
Height,	cm		
Body	mass	index,	kg/m2	

Mean	(SD)	
27.5	(5.9)	
60.0	(11.8)	
164.2	(6.4)	
22.2	(4.2)	

Parity:	
0	
1	
2	
3	
4+	

Number	(%)	
511	(48%)	
301	(29%)	
160	(15%)	
63	(6%)	
21	(2%)	

Smoking	 317	(30%)	
Education:	
School	
Trade	College/TAFE	
University	
Missing	

	
559	(53%)	
397	(38%)	
96	(9%)	
4	(<1%)	

Occupation:	
Unemployed/unskilled	
Shop	assistant	
Trades/clerical	
Para-professional	
Professional/manager	

	
513	(49%)	
158	(15%)	
204	(19%)	
84	(8%)	
97	(9%)	

Family	income:	
1	
2	
3	
4+	
Missing	

	
90	(9%)	

218	(27%)	
257	(24%)	
269	(25%)	
159	(15%)	

Pa
te
rn
al
	 	

Age,	years	
Weight,	kg	
Height,	cm	
Body	mass	index,	kg/m2	

Mean	(SD)	
29.7	(6.6)	
77.5	(11.6)	
178	(7.1)	
24.5	(3.4)	

Pr
eg
na

nc
y	

co
m
pl
ic
at
io
ns
	 	

Anaemia	
Diabetes	
Hypertension		
Pre-eclampsia	
Renal	disease	
Asthma	

Number	(%)	
306	(29%)	
29	(3%)	

264	(25%)	
27	(3%)	
48	(5%)	
74	(7%)	

Fe
to
pl
ac
en

ta
l	

	
Birth	gestation,	days	
Birthweight,	g	
Placental	weight,	g	

Mean	(SD)	
279	(8.8)	
3438	(456)	
606	(117)	

Placental	perfusion:	
Normal	
Impaired	
Missing	

Number	(%)	
930	(88%)	
122	(12%)	
4	(<1%)	
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Table	3.2.	Antenatal	growth	estimates.	
	
	 		

Model	parameter	 Transformed	coefficient	
(FL0.7)	 P	

Fe
m
ur
	le
ng

th
	(F
L)
	

Intercept	(mm)	
Gestational	age	(weeks)	
Maternal	smoking	
Maternal	height	(cm)	
Gestational	age2	

Sex:	Male	
Abnormal	UA	waveform	
Gestation	*	Smoking	
Gestation	*	Maternal	height	

16.185	
0.519	
-0.132	
0.008	
-0.012	
-0.069	
-0.125	
-0.007	
0.001	

<	1	x	10-5	
<	1	x	10-5	
<1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
3	x	10-5	
<	1	x	10-5	
0.002	

<	1	x	10-5	

He
ad

	c
irc

um
fe
re
nc
e	
(H
C)
		

Model	parameter	 Transformed	coefficient	
(HC0.5)	 p	

Intercept	(mm)	
Gestational	age	(weeks)	
Maternal	smoking	
Maternal	height	(cm)	
Gestational	age2	

Sex:	Male	
Abnormal	UA	waveform	
Maternal	anaemia	
Gestation	*	Smoking	
Gestation	*	Maternal	height	

16.202	
0.303	
-0.051	
0.004	
-0.010	
0.136	
-0.094	
0.036	
-0.003	
0.0003	

<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
0.002	
0.032	
0.001	

Ab
do

m
in
al
	c
irc

um
fe
re
nc
e	
(A
C)
		

Model	parameter	 Transformed	coefficient	
(AC0.4)	 p	

Intercept	(mm)	
Gestational	age	(weeks)	
Sex:	Male	
Maternal	smoking	
Abnormal	UA	waveform	
Maternal	height	(cm)	
Gestational	age2	

Maternal	age	(years)	
Maternal	weight	(kg)	
Weight	gain	18	to	34	weeks	(kg)	
Gestation	*	Male	sex	
Gestation	*	Smoking	
Gestation	*	Abnormal	UA	waveform	
Gestation	*	Maternal	height	

8.989	
0.166	
0.020	
-0.030	
-0.083	
-0.001	
-0.003	
0.003	

0.0010.003	
-0.002	
-0.003	
-0.004	
0.0002	

<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
0.002	

<	1	x	10-5	
0.142	

<	1	x	10-5	
1	x	10-4	
1	x	10-4	

0.031	
0.027	
0.016	
0.003	
0.008	

Es
tim

at
ed

	fe
ta
l	w

ei
gh

t	(
EF
W
)		 Model	parameter	 Transformed	coefficient	
(log10EFW)	 p	

Intercept	(g)	
Gestational	age	(weeks)	
Maternal	smoking	
Maternal	height	(cm)	
Gestational	age2	

Maternal	weight	(kg)	
Weight	gain	18	to	34	weeks	(kg)	
Abnormal	UA	waveform	
Gestation	*	Smoking	
Gestation	*	Maternal	height	

3.092	
0.055	
-0.014	
0.0001	

-0.0010.0003	
0.001	
-0.020	
-0.001	
0.0001	

<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
0.473	

<	1	x	10-5	
0.011	
0.042	

<	1	x	10-5	
0.032	
2	x	10-4	

Bi
rt
h	
w
ei
gh

t	(
BW

)	

Model	parameter	 Coefficient	
Change	in	BW	(g)	 p	

Intercept	(g)	
Gestational	age	(days)	
Parity:	1	
Parity:	2	
Parity:	3	
Parity:	≥4	
Placental	weight	
Sex:	Male	
Maternal	smoking	
Maternal	diabetes	
Maternal	anaemia	
Maternal	weight	(kg)	
Maternal	height	(cm)	
Weight	gain	18	to	34	weeks	(kg)	

3367.3	
20.50	
54.18	
96.52	
117.50	
152.29	
1.97	

112.34	
-139.39	
129.13	
46.20	
2.98	
5.70	
13.17	

<	1	x	10-5	
<	1	x	10-5	
5x10-4	

<	1	x	10-5	
6x10-5	

0.001	
<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	
0.002	

<	1	x	10-5	
<	1	x	10-5	
<	1	x	10-5	

Centred	covariates:	Gestational	age	–	28	weeks,	maternal	height	–	164	cm,	maternal	age	
–	28	years,	maternal	weight	–	60kg	;	p-values	estimated	using	MCMC	techniques	based		
on	100,000	samples;	Abnormal	UA	waveform	=	umbilical	artery	systolic:diastolic	ratio	
>95th	percentile	for	gestational	age	or	absent-	or	reversed-end-diastolic	flow;	Maternal	
anaemia	=	haemoglobin	concentration	<100g/L	during	pregnancy.	
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whereby	shorter	mothers	showed	greater	slowing	of	fetal	growth	in	later	pregnancy	than	taller	

mothers.	 Furthermore,	 interactions	 between	 maternal	 smoking	 and	 gestational	 age	 were	

identified,	 with	 the	 growth	 restriction	 effect	 of	 smoking	 becoming	 greater	 as	 gestation	

advanced.	An	interaction	between	abnormal	umbilical	artery	Doppler	(placental	function)	and	

gestation	was	identified	for	fetal	AC,	with	the	impact	of	abnormal	placental	perfusion	on	fetal	

AC	growth	 increasing	as	 gestation	advanced.	 The	 interactions	of	 smoking	or	umbilical	 artery	

Doppler	with	gestational	age	may	 reflect	either	more	pronounced	effects	of	 these	 factors	at	

advancing	gestations	or	a	longer	duration	of	exposure	to	an	adverse	intrauterine	environment.		

	

Maternal	age	was	associated	with	a	significant	increase	in	fetal	AC,	even	after	adjustment	for	

parity.	This	may	represent	a	true	association	or	the	effect	of	undiagnosed	gestational	diabetes	

mellitus	 (GDM),	 which	 increases	 in	 incidence	 with	 advancing	 maternal	 age.	 Women	 in	 the	

Raine	Study	were	screened	for	GDM	using	the	standard	risk-factor	approach	of	the	time	which	

is	 likely	 to	 have	 under-diagnosed	 the	 rate	 when	 compared	 with	 the	 current	 rates	 resulting	

from	routine	screening	(Griffin,	Coffey	et	al	2000).	 	Fetal	HC	growth	was	also	associated	with	

maternal	anaemia	during	pregnancy:	the	presence	of	anaemia	was	associated	with	 improved	

fetal	growth.	This	association	may	reflect	the	haemodilution	that	is	seen	in	healthy	pregnancy	

having	a	positive	effect	on	 fetal	growth.	Conversely,	when	haemoconcentration	occurs	 (such	

as	 pre-eclampsia)	 it	 is	 typically	 associated	 with	 reduced	 fetal	 growth	 (Gaillard,	 Eilers	 et	 al	

2014).	

	

3.5.2 Customised	biometry	charts	

Cross	 validation	 was	 applied	 to	 test	 the	 validity	 of	 the	 predictive	 models	 utilised	 in	 the	

development	 of	 the	 optimal	 trajectory	 and	 normal	 range.	 When	 applied	 to	 serial	 random	

subsets	of	 individuals	 from	the	cohort,	 the	model	 for	EFW	performed	well,	with	areas	under	

the	receiver	operating	characteristic	curve	(AUC)	for	EFW	less	than	10th	predicted	percentile	of	

0.695	(95%	confidence	interval:	0.692	to	0.699)	and	greater	than	90th	predicted	percentiles	of	
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0.705	(95%CI:	0.702	to	0.708).	The	model	for	fetal	AC	performed	similarly	for	small	(AUC	0.789,	

95%CI:	0.784	to	0.794)	and	large	fetuses	(AUC	0.796,	95%CI:	0.793	to	0.799).	

	

Figure	 3.1	 shows	 superimposed	 customised	 charts	 for	 two	 simulated	 women:	 woman	 one	

(solid	 line)	 is	 taller	 (174cm),	older	 (40	years),	has	a	higher	BMI	(30kg/m2),	and	carries	a	male	

fetus,	whereas	woman	two	(dashed	 line)	 is	shorter	 (154cm),	younger	 (18	years),	has	a	 lower	

BMI	(20kg/m2),	and	carries	a	female	fetus.	 	These	customised	charts	highlight	the	differences	

in	optimal	growth	between	women	in	the	same	population.		

	

Customised	curves	for	AC	and	EFW	for	the	two	simulated	women	were	compared	in	terms	of	

the	 amount	 of	 overlap	 of	 the	 predicted	 normal	 ranges	 (Figure	 3.2).	 For	 EFW,	 the	 10th-90th	

centile	 ranges	 for	 woman	 one	 and	 two	 were	 found	 to	 have	 substantial	 overlap	 at	 earlier	

gestations,	 only	 diverging	 in	 the	 late	 third	 trimester.	 In	 contrast,	 the	 AC	 curves	 for	 the	 two	

simulated	women	demonstrated	less	overlap	with	customization	for	AC	than	EFW	(61%	versus	

74%	overlap	between	24	and	28	weeks’	gestation).		

	

There	was	 significant	 discordance	 between	 customised	 and	 population-derived	 standards	 in	

defining	 abnormal	 growth	 across	 5298	 ultrasound	 assessments	 with	 complete	 data	 for	

customization.	If	customised	AC	charts	are	considered	to	correctly	classify	fetal	size,	520	scans	

(9.8%)	 revealed	 a	 small	 fetus	 and	 507	 (9.6%)	 a	 large	 fetus.	 Population-derived,	 sex-specific	

charts	misclassified	41	 (7.9%)	small	 fetuses	and	54	 (10.7%)	 large	 fetuses	as	normal.	Of	 those	

521	 (9.8%)	 and	 504	 (9.5%)	 fetuses	 described	 by	 population	 charts	 as	 small	 or	 large,	

respectively,	42	(8.1%)	and	51	(10.1%)	were	found	to	be	normally	grown	by	customised	AC.		
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Figure	3.1.	Example	customised	biometric	charts.	Woman	1	(solid	lines)	is	taller	[174cm],	older	

[40y],	has	a	higher	body	mass	index	[30kg/m2]	and	carries	a	male	fetus.	Woman	2	(dashed	

lines)	is	shorter	[154cm],	younger	[20y],	has	a	lower	body	mass	index	[18kg/m2]	and	carries	a	

female	fetus.	Lines	represent	predicted	10th,	50th,	and	90th	centiles	for	each	fetus.	
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Figure	3.2.	Customised	charts	of	abdominal	circumference	(AC)	versus	estimated	fetal	weight	

(EFW)	for	two	simulated	women.	AC	(A	and	C)	shows	a	more	distinct	separation	between	the	

customised	optimal	trajectory	across	more	of	the	gestation	than	does	EFW	(B	and	D).	This	

difference	is	more	apparent	at	earlier	gestational	ages	(C	and	D).	Lines	represent	predicted	10th	

and	90th	percentiles	for	two	simulated	women	(solid	line:	Woman	1	-	height	174cm,	age	40y,	

BMI	35kg/m2,	male	fetus;	dotted	line:	Woman	2	-	height	154cm,	age	20y,	BMI	18kg/m2,	female	

fetus).	
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3.6 DISCUSSION	

	

In	 this	 study	we	developed	 customised	 fetal	biometric	 charts	 for	use	during	pregnancy.	 This	

technique	 may	 provide	 particular	 benefit	 in	 the	 detection	 of	 asymmetric	 deviations	 from	

normal	 growth	 by	 considering	 fetal	 abdominal	 circumference,	 rather	 than	 estimated	 fetal	

weight,	as	a	potentially	more	accurate	descriptor	of	intrauterine	growth.		

	

This	 study	 confirms	 the	 observations	 that	 maternal	 smoking	 during	 pregnancy,	 maternal	

stature	and	adiposity,	 fetal	 sex,	 abnormal	umbilical	 artery	waveform,	maternal	haemoglobin	

concentration,	and	hypertension	 in	pregnancy	all	 influence	fetal	growth	trajectories	between	

18	 and	 38	 weeks’	 gestation.	 A	 novel	 observation	 in	 this	 study	 is	 the	 sex	 difference	 in	 fetal	

femur	length.	This	study	also	presents	data	to	support	the	phenomenon	of	maternal	constraint	

as	 it	 applies	 to	 individual	 biometric	 parameters.	 The	 significant	 interactions	 between	

gestational	age	and	maternal	height	suggest	constraint	of	fetal	size	by	maternal	stature,	with	

the	 fetuses	of	 taller	mothers	showing	significantly	 less	 slowing	of	growth	 towards	 term.	This	

effect	is	seen	for	FL	and	HC	trajectories	to	a	greater	extent	than	AC	trajectory,	suggesting	late-

gestation	constraint	of	skeletal	growth	and	a	focus	on	fetal	nutrition.		

	

In	 contrast	 to	 the	 customised	 biometric	 charts	 of	 Pang	 et	 al	 (Pang,	 Leung	 et	 al	 2003)	 and	

Schmidt	et	al	 (Schmidt,	Staboulidou	et	al	2007)	whose	normal	ranges	were	derived	from	the	

sample	variance	of	their	observed	populations,	our	normal	range	is	defined	by	the	prediction	

interval	 derived	 from	 longitudinal	 models.	 These	 normal	 ranges	 are	 more	 reflective	 of	 the	

predicted	optimal	trajectories	and	are,	therefore,	more	individualised	than	population-derived	

values	and	better	suited	to	predictive	models.	Cross	validation	confirms	the	accuracy	of	these	

predictive	models	 for	 fetal	growth	 restriction	and	macrosomia,	both	of	which	are	associated	

with	adverse	perinatal	outcomes.		
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AC	showed	greater	variation	with	customization	than	EFW,	and	therefore	may	better	describe	

individual	growth	potential.	Figure	2	compares	customised	EFW	and	AC	charts	for	two	women,	

one	expected	to	deliver	a	larger	than	average	fetus,	and	one	expected	to	deliver	a	smaller	than	

average	 fetus.	 The	normal	 ranges	 show	considerable	overlap;	however,	 the	AC	 chart	 (Figure	

2A)	 demonstrates	 a	 greater	 separation	 of	 the	 customised	 optimal	 growth	 trajectories	 from	

earlier	gestations	than	the	EFW	chart	(Figure	2B),	especially	evident	with	a	limited	gestational	

age	window	between	24	and	28	weeks	(Figures	2C	and	2D).	Defining	fetal	growth	restriction	as	

AC,	 rather	 than	 EFW,	 below	 the	 predicted	 customised	 10th	 percentile	 may	 therefore	 afford	

greater	 sensitivity	 and	 specificity	 to	 customised	 charts.	 This	 may	 be	 particularly	 relevant	 at	

early	gestational	ages	when	clinical	decisions	are	more	challenging.	

	

There	 were	 significant	 proportions	 of	 fetuses	 whose	 growth	 was	 discordantly	 described	 by	

customised	 versus	 population-derived	 AC	 charts.	 If	 applied	 in	 a	 clinical	 setting,	 95	 (9.3%)	 of	

1027	 abnormally	 small	 or	 large	 fetuses	 by	 the	 customised	 definition	 would	 have	 been	

erroneously	 described	 as	 normal	 by	 the	 population	 charts	 and	 placed	 at	 risk	 of	 adverse	

perinatal	outcomes	through	a	lack	of	appropriate	obstetric	action.	A	further	93	(9.1%)	of	1025	

assessments	would	have	classified	normally	grown	fetuses	as	abnormal,	potentially	leading	to	

complications	 related	 to	 unnecessary	 intervention.	 This	 study	 was	 not	 powered	 to	 detect	

differences	in	these	uncommon	outcomes;	this	should	be	the	subject	of	further	investigation	in	

larger	 prospective	 studies.	 These	 discordant	 classifications	 of	 growth	 are	 somewhat	 less	

frequent	than	those	found	in	the	Generation	R	Study,	where	Gaillard	et	al	(Gaillard,	de	Ridder	

et	 al	 2011)	 found	 16%	of	 small	 fetuses	were	 not	 identified	 and	 25%	of	 those	 labelled	 small	

were	 normal.	 This	 may	 be	 due	 to	 the	 relative	 homogeneity	 of	 the	 Raine	 Study	 cohort	

compared	to	the	ethnically	and	physically	more	varied	Dutch	cohort.	

	

This	study	was	limited	by	a	lack	of	ethnic	diversity	among	the	participants.	Consequently,	the	

applicability	 of	 our	 findings	 is	 limited	 to	 Caucasian	 populations.	 Further	 research	 should	
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include	serial	ultrasound	assessments	of	fetuses	from	non-Caucasian	populations	to	allow	the	

development	of	customised	biometric	charts	for	those	women.		
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3.7 SUMMARY	

	

In	conclusion,	in	this	chapter,	I	have	presented	my	research	characterising	the	environmental	

influences	 upon	 serial	 ultrasound-derived	 fetal	 biometric	 trajectories	 and	 that	 allows	 the	

development	 of	 customised	 fetal	 biometry	 charts.	 Discordant	 classifications	 of	 growth	

between	customised	and	population-derived	assessments	occur	 in	a	significant	proportion	of	

the	 population	 and	 warrants	 further	 investigation	 in	 adequately	 powered	 randomised	

controlled	 trials.	 Customised	 AC	 charts	 appear	 to	 perform	 particularly	 well	 at	 earlier	

gestational	ages	when	clinical	decision-making	is	more	reliant	upon	accurate	assessment	of	the	

adequacy	of	fetal	growth.		
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4.1 OVERVIEW	

	

Abnormal	 fetal	 growth	 is	 associated	 with	 an	 altered	 risk	 of	 adult	 metabolic	 disease,	 with	

increased	disease	prevalence	 in	those	born	at	 the	both	ends	of	 the	birth	weight	range.	Birth	

weight	 is	 a	 relatively	 crude	 measure	 of	 fetal	 growth	 and	 may	 not	 predict	 the	 risk	 of	 adult	

disease	well	at	an	individual	level.	If	infants	who	have	undergone	abnormal	fetal	growth	are	to	

be	 target	 for	 early	 life	 primary	 prevention	 interventions,	 then	 more	 sensitive	 and	 specific	

markers	of	abnormal	fetal	growth	would	be	required.		

	

In	 the	 previous	 chapter	 I	 described	 the	 development	 of	 customised	 fetal	 biometric	

assessments	and	demonstrated	that	customised	abdominal	circumference	may	be	more	able	

to	identify	those	pathologically	small	or	large	fetuses	who	have	not	met	or	who	have	exceeded	

their	 optimal	 growth	 potential.	 A	 similar	 method	 of	 customisation	may	 be	 applied	 to	 birth	

weight	 in	 order	 to	 better	 describe	 the	 observed	 weight	 in	 relation	 to	 individual	 growth	

potential.		

	

In	this	chapter,	I	examine	the	association	between	abnormal	fetal	growth	and	adult	metabolic	

disease,	and	whether	the	customised	assessment	of	 fetal	growth	 is	better	able	to	determine	

adult	disease	risk	than	population-derived	references.	
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4.2 INTRODUCTION	

	

There	is	a	clear	relationship	between	the	events	of	early	life	and	the	subsequent	risk	of	adult	

disease.	 This	 concept	 is	most	 commonly	 known	as	 the	Developmental	Origins	of	Health	and	

Disease.	 The	 seminal	 observations	 of	 Barker	 and	 Osmond	 (1986b)	 found	 an	 inverse	 linear	

relationship	 between	 birth	 weight	 and	 adult	 ischaemic	 heart	 disease	mortality.	 Subsequent	

studies	on	more	contemporarily	born	populations	suggest	a	“U-shaped”	relationship	between	

birth	weight	and	subsequent	metabolic	disease	risk	with,	for	example,	and	increase	in	type	2	

diabetes	in	those	born	both	small	and	large	(Wei,	Sung	et	al	2003).		

	

Several	mechanisms	have	been	postulated	 to	underlie	 this	association	 (Chapter	1),	 including	

that	metabolic	changes	occur	 in	the	fetus,	 in	response	to	the	adverse	intrauterine	conditions	

which	lead	to	abnormal	birth	weight,	which	favour	fetal	survival	but	which	also	predispose	to	

disease	 in	 a	mismatched	extrauterine	environment	of	 nutritional	 plenty.	 The	early	postnatal	

environment	 is	 also	 of	 importance,	 given	 the	 additional	 associations	 between	 postnatal	

“catch-up”	growth	and	adult	metabolic	outcomes	(Eriksson,	Forsen	et	al	1999).	The	concept	of	

development	 plasticity	 suggests	 that	 early	 life	 environmental	 influences	 are	 more	 likely	 to	

result	 in	 changes	 to	 metabolic	 processes	 (McMillen	 and	 Robinson	 2005),	 which	 offers	 a	

potential	window	of	opportunity	to	influence	an	individual’s	lifelong	health	with	relatively	brief	

interventions	during	early	life.	

	

Such	 early	 life	 interventions	 are	 biologically	 plausible	 and	 are	 supported	 by	 animal	

experiments	which	show	benefit	of	early	life	interventions	upon	later	life	health.	For	example,	

neonatal	 leptin	 supplementation	 was	 found	 to	 significantly	 ameliorate	 adult	 obesity	 in	 a	

rodent	model	 of	 fetal	 growth	 restriction	 (Vickers,	 Gluckman	 et	 al	 2005).	 Implementation	 of	

such	strategies,	however,	would	require	a	process	of	risk	stratification	which	could	be	applied	

in	 early	 life	 such	 that	 individuals	 at	 high	 risk	 could	 be	 targeted	 for	 interventions.	 Given	 the	
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associations	between	abnormal	fetal	growth	and	subsequent	metabolic	disease,	a	method	of	

identifying	 individuals	 who	 have	 undergone	 abnormal	 fetal	 growth	may	 allow	 the	 early	 life	

identification	of	 individuals	at	 increased	risk	 for	adult	disease	who	could	be	 targets	 for	early	

life	primary	prevention	interventions.		

	

4.2.1 Aim	

This	study	aimed	to	examine	the	associations	between	abnormal	fetal	growth	as	assessed	by	

customised	 ultrasound	 biometry	 and	 adult	metabolic	 syndrome	 outcomes	 in	 order	 to	 allow	

prediction	of	those	individuals	at	increased	risk	of	adult	disease.	

	

4.2.2 Hypothesis	

This	 study	 tested	 the	 hypothesis	 that	 individuals	 identified	 by	 customised	 ultrasound	

assessment	as	abnormally	grown	would	have	a	greater	prevalence	of	metabolic	syndrome	as	

adults.	 	
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4.3 METHODS	

	

4.3.1 Participants	

This	 study	 assessed	 the	 offspring	 participants	 of	 the	 Western	 Australian	 Pregnancy	 Cohort	

(Raine)	Study.	The	recruitment	and	follow	up	of	this	cohort	has	previously	been	described	 in	

detail	(Chapter	1;	Newnham,	Evans	et	al	1993).	In	brief,	2900	pregnant	women	attending	King	

Edward	Memorial	Hospital,	Western	Australia	 between	1989	 and	1991	were	 enrolled	 into	 a	

randomised	 controlled	 trial	 of	 serial	 ultrasound	 assessments	 in	 pregnancy.	 Women	 were	

randomised	 prior	 to	 18	 weeks’	 gestation	 to	 a	 single	 ultrasound	 at	 18	 weeks	 or	 repeated	

ultrasounds	 at	 18,	 24,	 28,	 34,	 and	 38	 weeks.	 Additional	 scans	 were	 performed	 as	 clinically	

indicated.	Managing	clinicians	were	aware	of	the	results	of	the	scans,	and	all	aspects	of	clinical	

care	were	standard	between	the	groups	and	according	to	hospital	protocols	of	the	time.	Data	

concerning	maternal	demographic	and	physical	 characteristics	were	 collected	at	18-	 and	34-

week	interviews.	After	birth,	the	offspring	of	consenting	participants	were	follow	up	at	regular	

intervals	 to	assess	their	 long	term	health	outcomes.	This	 follow	up	continues	to	the	present,	

with	the	offspring	now	in	their	mid-twenties.		

	

This	 study	 assessed	 1377	 singleton	 offspring	 participants	 who	 were	 assessed	 by	 serial	 fetal	

ultrasound	and	had	blood	collected	for	biochemical	analysis	at	age	17	years.	Whilst	this	subset	

of	 the	 Raine	 cohort	 has	 some	 minor	 demographic	 differences	 compared	 to	 the	 WA	

contemporaneous	 birth	 population,	 I	 have	 shown	 through	 exposure-outcome	 association	

analyses	 that	 this	 subset	of	 the	Raine	cohort	 is	not	biased	and	 is	generally	 representative	of	

the	WA	population	(Chapter	2).			

	

4.3.2 Customised	fetal	biometric	references	

All	ultrasound	assessments	were	carried	out	according	 to	a	standardised	protocol	by	 trained	

obstetric	 sonographers.	 Biometric	 parameters,	 including	 biparietal	 diameter,	 head	
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circumference,	 abdominal	 circumference,	 and	 femur	 length	 were	 measured	 in	 triplicate	 in	

standard	 anatomical	 planes.	 Individually	 customised	 reference	 ranges	 for	 fetal	 abdominal	

circumference	were	derived	using	the	methodology	described	previously,	using	a	multivariate	

linear	 mixed	 effects	 model	 adjusting	 for	 known	 epidemiological	 influences	 of	 fetal	 growth,	

including	maternal	age,	height,	and	weight,	and	fetal	sex	(Chapter	3;	White,	Marsh	et	al	2016).	

Abnormal	fetal	growth	was	defined	as	that	where	the	observed	fetal	abdominal	circumference	

was	 outside	 of	 the	 80%	 prediction	 interval.	 For	 each	 participant	 the	 latest	 ultrasound	

assessment	 obtained	 during	 the	 pregnancy	 was	 used.	 These	 customised	 assessments	 were	

compared	 to	 the	 population-derived	 reference	 range	 of	 the	 10th	 to	 90th	 percentiles	 of	

abdominal	circumference	for	gestational	age	(Chapter	3).	

	

4.3.3 Customised	birth	weight	references	

An	epidemiological	model	of	birth	weight	was	developed	using	multivariate	 linear	regression	

adjusting	 for	 the	 known	 contributors	 to	 birth	 weight	 as	 described	 in	 Chapter	 3,	 including	

maternal	age,	height,	weight,	and	parity,	placental	weight,	and	 fetal	 sex	 (White,	Marsh	et	al	

2016).	 For	 each	 individual,	 the	 observed	 birth	weight	was	 described	 as	 a	 proportion	 of	 the	

expected	birth	weight	 from	this	model.	Further,	 individuals	were	assigned	to	quintiles	based	

on	their	proportion	of	expected	birth	weight	(PEBW).	These	customised	assessments	of	birth	

weight	 were	 compared	 to	 the	 population-derived	 reference	 range	 of	 the	 10th	 to	 90th	

percentiles	of	birth	weight	for	gestation	at	birth	(Chapter	3).	

	

4.3.4 Adolescent	metabolic	parameters	

Consenting	 participants	 at	 the	 17-year	 cohort	 follow	 up	 assessment	 were	 assessed	 for	

metabolic	 phenotypes.	 Physical	 examination	 determined	 the	 body	mass	 index	 (BMI).	 Blood	

was	collected	after	an	overnight	fast	and	glucose,	insulin,	c-reactive	protein,	total	cholesterol,	

triglyceride,	 high-density	 lipoprotein	 cholesterol	 (HDL-C),	 and	 low-density	 lipoprotein	

cholesterol	(LDL-C)	were	measured.		
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4.3.5 Statistics	

Comparisons	 between	 fetal	 growth	 assessments	 and	 adolescent	metabolic	 parameters	were	

performed	using	multivariate	linear	regression.	A	p-value	of	<0.05	was	considered	statistically	

significant.	All	analyses	were	conducted	 in	the	graphical	statistics	program	“R”	 (R	Core	Team	

2013).		

	

4.4 RESULTS	

	

The	demographic	characteristics	and	the	adolescent	metabolic	parameters	of	the	participants	

are	described	in	Table	4.1.		

	

4.4.1 Birth	weight	and	adolescent	outcomes	

Birth	weight	was	significantly	associated	with	triglyceride	when	assessed	with	both	population-

derived	 and	 customised	 reference	 ranges,	with	 increasing	 PEBW	 associated	with	 decreasing	

triglyceride	 (p<0.001	 for	 both	 references,	 Table	 4.2,	 Figure	 4.1).	 Birth	 weight	 was	 only	

significantly	 associated	 with	 body	 mass	 index	 when	 using	 a	 population-derived	 reference	

(p<0.001)	whilst	fasting	insulin	was	only	associated	with	birth	weight	by	customised	reference	

(p=0.031).	 Customisation	 of	 birth	 weight	 did	 not	 improve	 the	 identification	 of	 early	 life	

influences	upon	adolescent	metabolic	outcomes.	

	

4.4.2 Abdominal	circumference	and	adolescent	outcomes	

Fetal	 abdominal	 circumference	 as	 a	 proportion	 of	 expected	was	 not	 significantly	 associated	

with	adolescent	metabolic	outcomes,	either	by	population-derived	or	 customised	 references	

(Table	 4.3).	 Abnormal	 fetal	 abdominal	 circumference,	 either	 less	 than	 the	 10th	 percentile	 or	

greater	 than	 the	 90th	 percentile,	 was	 also	 not	 significantly	 associated	 with	 adolescent	

metabolic	 outcomes,	 either	 by	 population-derived	 or	 customised	 references	 (Tables	 4.4	 and	

4.5).	
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Table	4.1.	Demographic	and	adolescent	metabolic	characteristics	of	study	

participants.	

Maternal	characteristics	 Mean	(SD)	or	n	(%)	
Age	(years)	 28.7	(5.8)	
Height	(cm)	 164	(6.5)	

Body	mass	index	(kg/m2)	 22.6	(6.5)	
Parity	
0	
1	
2	
3	
≥4	

606	(48%)	
374	(29%)	
193	(15%)	
73	(6%)	
29	(2%)	

Diabetes	 74	(6%)	
Pre-eclampsia	 68	(5%)	

Smoking	 298	(23%)	
Fetal	characteristics	 Mean	(SD)	or	n	(%)	

Male	 657	(52%)	
Gestation	at	birth	(weeks)	 39.0	(1.8)	

Preterm	 66	(5%)	
Small	for	gestational	age	 123	(8.9%)	

Adolescent	characteristics	
n	(%)	or	Mean	(SD)	or	

Median	(IQR)	
Age	(y)	 17.1	(0.25)	

Tanner	pubertal	stage	4	or	5	a	 912	(97.6%)	
Glucose	 4.6	(4.5,	5.0)	
Insulin	 7.6	(5.1,	10.9)	

C-reactive	protein	 0.6	(0.2,	1.8)	
Total	cholesterol	 4.0	(3.6,	4.6)	

Triglyceride	 0.9	(0.7,	1.2)	
HDL-cholesterol	 1.3	(1.1,	1.5)	
LDL-cholesterol	 2.3	(1.9,	2.7)	
Body	mass	index	 22.1	(20.0,	24.4)	

a	Tanner	pubic	hair	stage	was	self-reported	by	931	(68%)	of	
participants	and	not	reported	for	the	remainder	

	

Table	4.2.	Associations	between	observed	birth	weight	as	a	proportion	of	

expected	and	adolescent	metabolic	parameters.	

 
Population-derived	reference Customised	reference 

	
Beta	 95%	CI	 p	 Beta	 95%	CI	 p	

Glucose	 -0.16	 (-0.47,	0.15)	 0.332	 -0.30	 (-0.75,	0.15)	 0.194	
Insulin	 -4.54	 (-10.05,	0.97)	 0.106	 -8.77	 (-16.73,	-0.81)	 0.031	

C-reactive	protein	 0.55	 (-2.64,	3.74)	 0.736	 -0.49	 (-4.82,	3.84)	 0.824	
Total	cholesterol	 -0.23	 (-0.64,	0.18)	 0.288	 -0.41	 (-1.00,	0.18)	 0.173	

Triglyceride	 -0.57	 (-0.84,	-0.30)	 <0.001	 -0.97	 (-1.36,	-0.58)	 <0.001	
HDL-cholesterol	 0.06	 (-0.10,	0.22)	 0.453	 0.14	 (-0.10,	0.38)	 0.221	
LDL-cholesterol	 -0.02	 (-0.37,	0.33)	 0.907	 -0.11	 (-0.62,	0.40)	 0.676	
Body	mass	index	 4.16	 (1.91,	6.41)	 <0.001	 -0.64	 (-3.91,	2.63)	 0.700	
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Figure	4.1.	Association	between	proportion	of	expected	birth	weight	(by	

population-derived	or	customised	estimate)	and	age	17	(a)	triglyceride	and	(b)	

body	mass	index.	
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Table	4.3.	Associations	between	observed	fetal	abdominal	circumference	as	a	

proportion	of	expected	and	adolescent	metabolic	parameters.	

	

Table	4.4.	Associations	between	fetal	abdominal	circumference	less	than	10th	

percentile	and	adolescent	metabolic	parameters.	

	

Table	4.5.	Associations	between	fetal	abdominal	circumference	greater	than	90th	

percentile	and	adolescent	metabolic	parameters.		

	
	 	

	
Population-derived	reference Customised	reference 

 
Beta	 95%	CI	 p	 Beta	 95%	CI	 p	

Glucose	 -0.23	 (-0.79,	0.33)	 0.42	 -0.19	 (-0.75,	0.38)	 0.52	
Insulin	 -0.38	 (-11.22,	10.46)	 0.95	 -1.29	 (-14.22,	11.65)	 0.85	
CRP	 -2.48	 (-9.12,	4.16)	 0.47	 -1.99	 (-8.71,	4.73)	 0.56	

Cholesterol	 -0.19	 (-1.08,	0.71)	 0.69	 -0.09	 (-1.00,	0.82)	 0.85	
Triglyceride	 -0.16	 (-0.81,	0.49)	 0.63	 -0.07	 (-0.73,	0.59)	 0.84	

HDL-cholesterol	 0.07	 (-0.29,	0.42)	 0.72	 0.02	 (-0.33,	0.38)	 0.90	
LDL-cholesterol	 -0.13	 (-0.91,	0.64)	 0.74	 -0.04	 (-0.83,	0.75)	 0.92	
Body	mass	index	 3.97	 (-2.32,	10.26)	 0.22	 2.83	 (-3.54,	9.20)	 0.38	

	
Population-derived	reference Customised	reference 

 
Beta	 95%	CI	 p	 Beta	 95%	CI	 p	

Glucose	 0.111	 (-0.001,	0.222)	 0.053	 0.061	 (-0.051,	0.172)	 0.286	
Insulin	 0.999	 (-1.564,	3.561)	 0.445	 1.424	 (-1.123,	3.971)	 0.273	
CRP	 -0.123	 (-1.455,	1.210)	 0.857	 0.040	 (-1.286,	1.366)	 0.953	

Cholesterol	 0.157	 (-0.023,	0.337)	 0.087	 0.107	 (-0.072,	0.286)	 0.242	
Triglyceride	 0.028	 (-0.103,	0.158)	 0.677	 0.063	 (-0.066,	0.193)	 0.340	

HDL-cholesterol	 -0.001	 (-0.071,	0.069)	 0.971	 -0.007	 (-0.077,	0.062)	 0.834	
LDL-cholesterol	 0.137	 (-0.018,	0.292)	 0.085	 0.077	 (-0.078,	0.232)	 0.331	
Body	mass	index	 0.141	 (-1.080,	1.362)	 0.821	 0.207	 (-0.999,	1.412)	 0.737	

	
Population-derived	reference Customised	reference 

 
Beta	 95%	CI	 p	 Beta	 95%	CI	 p	

Glucose	 -0.051	 (-0.156,	0.053)	 0.338	 -0.058	 (-0.163,	0.048)	 0.283	
Insulin	 -0.267	 (-2.658,	2.124)	 0.827	 -0.511	 (-2.913,	1.891)	 0.677	
CRP	 -0.570	 (-1.813,	0.673)	 0.369	 -0.721	 (-1.970,	0.527)	 0.258	

Cholesterol	 0.100	 (-0.068,	0.268)	 0.242	 0.104	 (-0.065,	0.272)	 0.228	
Triglyceride	 0.011	 (-0.111,	0.133)	 0.859	 0.009	 (-0.113,	0.132)	 0.881	

HDL-cholesterol	 0.042	 (-0.024,	0.107)	 0.213	 0.042	 (-0.024,	0.108)	 0.213	
LDL-cholesterol	 0.058	 (-0.087,	0.203)	 0.434	 0.063	 (-0.083,	0.210)	 0.396	
Body	mass	index	 0.806	 (-0.409,	2.021)	 0.194	 0.591	 (-0.624,	1.807)	 0.340	
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4.4.3 Test	performance	

Employing	either	birth	weight	or	fetal	abdominal	circumference	as	indicators	of	abnormal	fetal	

growth	in	screening	for	abnormal	adolescent	metabolic	parameters	would	be	poorly	effective.	

Even	 for	 elevated	 triglyceride	 or	 body	mass	 index	 for	which	 the	 strongest	 associations	with	

fetal	growth	were	demonstrated,	the	screening	test	performance	characteristics	of	sensitivity	

and	 specificity	 remain	 poor	 (Table	 4.6).	 Achieving	 greater	 sensitivity,	 up	 to	 60%	 can	 be	

achieved,	however,	this	comes	at	the	cost	of	a	substantial	reduction	in	specificity	and	increase	

in	screen	positive	rate,	without	an	improvement	in	positive	predictive	value.		

	

Table	4.6.	Test	performance	of	abnormal	fetal	growth	measures	in	screening	for	

abnormal	adolescent	metabolic	parameters.	(a)	Triglyceride.	(b)	Body	mass	index.	

(a)	 Triglyceride	>	90th	percentile	

 Sensitivity	 Specificity	
Positive	
predictive	
value	

Screen	positive	
rate	

Population-derived	 	    
PEBW	1st	quintile	 0.23	 0.94	 0.12	 0.25	

PEBW	1st/2nd	quintile	 0.45	 0.61 0.12 0.40 
AC	<	10th	percentile	 0.12	 0.90	 0.13	 0.09	

Customised	 	    
PEBW	1st	quintile	 0.30	 0.91	 0.16	 0.20	

PEBW	1st/2nd	quintile	 0.60	 0.58 0.15 0.44 
AC	<	10th	percentile	 0.14	 0.90	 0.16	 0.09	

(b)	 Body	mass	index	>	90th	percentile	

	 Sensitivity	 Specificity	
Positive	
predictive	
value	

Screen	positive	
rate	

Population-derived	 	 	 	 	
PEBW	5th	quintile	 0.37	 0.81	 0.18	 0.21	

PEBW	1st/5th	quintile	 0.59	 0.60	 0.14	 0.41	
AC	<	10th	percentile	 0.16	 0.91	 0.15	 0.10	

Customised	 	 	 	 	
PEBW	5th	quintile	 0.20	 0.79	 0.09	 0.21	

PEBW	1st/5th	quintile	 0.40	 0.58	 0.10	 0.42	
AC	<	10th	percentile	 0.15	 0.90	 0.14	 0.11	

Abbreviations:	PEBW	=	proportion	of	expected	birth	weight;	AC	=	abdominal	
circumference	
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4.5 DISCUSSION	

	

This	 study	 found	 possible	 associations	 between	 birth	 weight	 as	 a	 proportion	 of	 expected	

weight	 and	 adolescent	 metabolic	 parameters.	 There	 was	 no	 apparent	 additional	 benefit	 to	

customisation	of	birth	weight	references	in	detecting	associations	with	adolescent	outcomes.	

There	 were	 no	 significant	 associations	 between	 fetal	 abdominal	 circumference	 using	 either	

population-derived	 or	 customised	 references.	 Using	 these	 measures	 of	 adequacy	 of	 fetal	

growth	was	an	insensitive	screening	test	for	the	detection	of	subsequent	adolescent	metabolic	

abnormalities.		

	

This	work	is	consistent	with	the	early	observations	in	the	Developmental	Origins	of	Health	and	

Disease	research	that	the	relationship	between	fetal	growth	and	adult	disease	includes	not	just	

the	 extremes	 of	 fetal	 growth	 but	 continues	 across	 the	 birth	 weight	 spectrum	 (Barker	 and	

Osmond	 1986b;	 Barker,	 Bull	 et	 al	 1990;	Wei,	 Sung	 et	 al	 2003).	 	 As	 a	 result,	 restricting	 the	

identification	 of	 individuals	 at	 high	 risk	 of	 adult	 metabolic	 syndrome	 to	 those	 who	 have	

undergone	abnormal	 fetal	growth	will	always	be	an	 insensitive	method,	with	 the	majority	of	

individuals	suffering	from	metabolic	disease	likely	to	have	been	born	within	the	normal	range	

by	any	method	of	fetal	growth	assessment.	This	is	not	to	say	that	the	early	life	environment	is	

not	an	 important	contributor	to	 later	disease	risk,	but	that	 it	 is	not,	 in	 isolation,	of	adequate	

sensitivity	to	allow	its	effective	use	in	stratifying	risk.	

	

The	 strength	of	 this	 study	 is	 its	prospective	methodology,	with	 the	Raine	Study	having	been	

designed	with	the	explicit	aim	of	investigating	the	early	life	origins	of	adult	disease.	This	is	the	

only	 major	 study	 worldwide	 which	 has	 collected	 serial	 fetal	 biometric	 measurements	 and	

assessed	metabolic	parameters	 in	 late	adolescence	providing	a	unique	opportunity	 to	assess	

the	 associations	 between	 different	 measures	 of	 fetal	 growth	 and	 subsequent	 metabolic	

outcomes.	 The	 wealth	 of	 epidemiological	 data	 collected	 in	 the	 Raine	 Study	 allows	 detailed	
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customisation	of	fetal	growth	patterns.	The	lack	of	significant	predictive	capacity	despite	this	

more	complex	approach	suggests	that	measures	of	fetal	growth,	in	isolation,	will	not	be	useful	

in	the	early	life	stratification	of	metabolic	syndrome	risk.	

	

This	study	is	limited	by	the	relatively	young	age	of	the	participants	at	metabolic	assessment.	It	

may	be	that	 those	 individuals	on	a	 trajectory	 toward	metabolic	adverse	metabolic	outcomes	

had	not	yet	diverged	substantially	enough	from	those	toward	health	to	allow	the	detection	of	

significant	differences.	In	addition,	the	relatively	small	sample	size	of	the	study	population	may	

have	 limited	the	power	to	detect	subtle	effect	sizes.	Finally,	 the	subset	of	the	Raine	Study	 in	

whom	these	analyses	were	performed	has	a	greater	proportion	of	Caucasian	participants	that	

the	 full	 Raine	 Study	 cohort	 and	 the	 general	Western	 Australian	 population	 (Chapter	 2).	 The	

generalisability	of	 the	findings	of	 this	study	to	non-Caucasian	participants	may,	 therefore,	be	

limited.	
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4.6 SUMMARY	

	

This	 study	 aimed	 to	 assess	 the	 associations	 between	 various	measures	 of	 fetal	 growth	 and	

subsequent	 adolescent	 metabolic	 parameters.	 Potentially	 significant	 associations	 were	

detected,	supporting	the	notion	that	early	 life	events	may	impact	upon	later	 life	disease	risk.	

However,	 the	 capacity	 of	 early	 life	 growth	 measures,	 including	 multiple	 population-derived	

and	 customised	 fetal	 growth	 references,	 to	 adequately	 stratify	 individual	 risk	 of	 later	

metabolic	disease	was	poor.	

	

The	concept	of	early	 life	primary	prevention	of	adult	metabolic	 syndrome	remains	plausible,	

however,	method	for	the	early	life	stratification	of	risk	will	be	required	for	efficient	application	

of	 such	 interventions.	Genomic	 variants	 associated	with	 both	 early	 life	 growth	 and	 later	 life	

metabolic	 outcomes	may	 hold	 the	 key	 to	 such	 stratification	 and	 this	 will	 be	 the	 subject	 of	

further	investigation	in	this	thesis.	
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5.1 OVERVIEW	

	

Despite	the	well-established	links	between	abnormal	fetal	growth	and	adult	metabolic	disease,	

the	previous	chapter	demonstrated	that	assessments	of	adequacy	of	 fetal	growth	are	poorly	

able	to	describe,	for	an	individual,	the	risk	of	later	life	disease.	Therefore,	a	different	approach	

to	 the	 identification	 of	 at-risk	 individuals	 is	 required.	 There	 are	 clear	 associations	 between	

genomic	variation	and	adult	disease	risk	and	also	a	significant	genetic	contribution	to	early	life	

growth,	 and	 genetic	 assessments	 may	 be	 the	 key	 to	 risk	 stratification,	 if	 common	 genetic	

variants	can	be	seen	to	underlie	both	early	and	later	life	outcomes.	

	

Leptin	 is	 an	 important	 adipocytokine	 with	 a	 clearly	 defined	 role	 in	 adult	 metabolic	 health.	

There	 is	also	evidence	 implicating	the	 leptin	pathway	 in	early	postnatal	growth.	Leptin	 levels	

are	perturbed	 in	abnormally	 grown	 fetuses,	 in	particular	 those	 from	an	adverse	 intrauterine	

environment.	Whether	 these	changes	are	 the	 result	of	adaptation	 to	 intrauterine	nutritional	

challenge	 or	 whether	 they	 have	 a	 more	 direct	 causative	 role	 is	 the	 subject	 of	 conflicting	

evidence.	The	 life	course	associations	with	growth	and	metabolic	health,	however,	make	the	

leptin	 pathway	 a	 strong	 candidate	 as	 a	 contributor	 to	 the	 developmental	 origins	 of	 the	

metabolic	syndrome.	

	

Genetic	 variation	 in	 the	 leptin	 pathway	 is	 known	 to	 influence	 adult	 metabolic	 disease	 risk.	

There	 is	 also	 a	 small	 amount	of	 evidence	 for	 a	 role	of	 genomic	polymorphisms	 in	 the	 leptin	

receptor	 in	 modulating	 fetal	 growth.	 This	 requires	 further	 clarification	 with	 thorough	

interrogation	 of	 the	 associations	 of	 such	 polymorphisms	 with	 longitudinal	 fetal	 growth	

trajectories.	
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5.1.1 Aims	

The	work	presented	 in	this	chapter	aims	to	clarify	the	role	of	genomic	variation	 in	the	 leptin	

pathway	 in	 fetal	 growth	 and	 the	 developmental	 origins	 of	 the	 metabolic	 syndrome,	 by	

identifying	 associations	 between	 single	 nucleotide	 polymorphisms	 (SNPs)	 in	 the	 leptin	 (LEP)	

and	leptin	receptor	(LEPR)	genes	and:	

a. fetal	growth;	

b. adolescent	cardiovascular	disease	risk	factors;	and	

c. serum	leptin	concentration.	

	

5.1.2 Hypothesis	

I	 hypothesised	 that	 there	 would	 be	 common	 genetic	 influences	 in	 the	 leptin	 pathway	

underlying	both	alterations	to	fetal	growth	and	adult	disease	risk.		
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5.2 INTRODUCTION	

	

Genomic	variation	accounts	for	a	substantial	proportion	of	the	observed	phenotypic	variation	

between	 individuals,	with	different	 phenotypes	having	 greater	 or	 lesser	 relative	 genetic	 and	

environmental	 determinants	 which	 are	 further	 modified	 by	 interactions	 between	 these	

(Roberts	 2010).	 There	 is	 increasing	 evidence	 of	 a	 role	 of	 genomic	 variation	 in	 the	

pathophysiology	 of	 the	 developmental	 origins	 of	 the	 metabolic	 syndrome	 (Andraweera,	

Gatford	 et	 al	 2017;	 Andraweera,	 Gatford	 et	 al	 2015).	 An	 individual’s	 genome	 and	 their	

corresponding	 genomic	 risk	 can	 be	 identified	 in	 early	 life,	 potentially	 allowing	 the	 early	

identification	 of	 those	 at	 increased	 risk	 of	 adult	 metabolic	 disease	 prior	 to	 the	 onset	 of	

traditional	 clinically	 apparent	 risk	 factors.	 Those	 variants	 likely	 to	 be	 associated	 with	 the	

greatest	magnitude	of	early	life	preventability	are	those	with	phenotypic	associations	at	both	

ends	 of	 the	 life	 course	 and	 therefore	 are	 suitable	 candidates	 for	 a	 genetic	 risk	 assessment	

approach.	

	

Leptin	 is	a	key	adipocytokine	with	a	central	role	 in	the	maintenance	of	body	composition.	 Its	

expression	reflects	the	state	of	long-term	energy	stores	and	it	acts	through	neuronal	centres	in	

the	 hypothalamus	 to	 influence	 satiety,	 eating	 behaviour,	 and	 levels	 of	 physical	 activity	

(Horvath	 and	Bruning	 2006).	 Further,	 leptin	 controls	 the	 storage	 and	mobilisation	 of	 energy	

reserves	 (Horvath	 and	 Bruning	 2006).	 Leptin	 also	 has	 wider	 roles	 in	 immune	 function,	

myocardial	function,	reproductive	maturation,	and	bone	formation	(Alexe,	Syridou	et	al	2006;	

Martinez-Abundis,	Rajapurohitam	et	al	2012).	Changes	 in	 leptin	quantity	or	function	result	 in	

abnormalities	 in	 body	 composition	 and	 obesity	 (Montague,	 Farooqi	 et	 al	 1997),	 and	 are	

associated	 with	 the	 development	 of	 the	 metabolic	 syndrome,	 comprising	 central	 obesity,	

atherogenic	dyslipidaemia,	 hypertension,	 and	 insulin	 resistance	 (Galletti,	 Barbato	et	 al	 2007;	

Patel,	Reams	et	al	2008;	Esteghamati,	Khalilzadeh	et	al	2009).	
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The	 leptin	 pathway	 is	 a	 strong	 candidate	 for	 a	 role	 in	 the	 developmental	 origins	 of	 the	

metabolic	syndrome.	There	 is	clear	evidence	of	 its	 influence	upon	adult	metabolic	disease	as	

well	 as	 early	 life	 physiology	 (Vickers	 and	 Sloboda	 2012).	 Leptin	 concentrations	 have	 been	

shown	 to	 influence	 the	 metabolic	 syndrome	 as	 an	 independent	 diagnosis,	 as	 well	 as	

component	 conditions	 such	 as	 hypertension,	 insulin	 resistance,	 polycystic	 ovary	 syndrome,	

non-alcoholic	 fatty	 liver	 disease,	 and	 dyslipidaemia	 (Agata,	Masuda	 et	 al	 1997;	 de	 Courten,	

Zimmet	et	al	1997;	Leyva,	Godsland	et	al	1998;	Haffner,	Mykkanen	et	al	1999;	Zimmet,	Boyko	

et	al	1999;	Ikejima,	Okumura	et	al	2005;	Jeon,	Lee	et	al	2013).	Postnatal	influences	of	leptin	are	

apparent	 in	human	 infants,	 in	whom	leptin	modifies	 the	rate	of	accrual	of	 fat	and	 lean	body	

mass	(Schuster,	Hechler	et	al	2011;	Fields	and	Demerath	2012).	Data	from	fetal	growth	studies	

regarding	 the	 role	 of	 leptin	 in	 fetal	 growth	 are	 conflicting,	 and	 it	may	 be	 that	 the	 prenatal	

contribution	 of	 leptin	 to	 the	 Developmental	 Origins	 of	 Health	 and	 Disease	 (DOHaD)	 are	

manifest	 in	 ways	 other	 than	 alterations	 to	 growth	 (Sferruzzi-Perri,	 Vaughan	 et	 al	 2013).	

Experimental	 data	 show	 prenatal	 influences	 upon	 appetite-regulating	 neurodevelopment,	

hepatic	 gluconeogenesis	 and	 glycogen	 storage,	 and	 adipose	 tissue	morphology,	 all	 of	which	

have	long	term	metabolic	programming	implications,	supporting	this	hypothesis	(McMillen	and	

Robinson	2005;	McMillen,	Edwards	et	al	2006;	Forhead	and	Fowden	2009).	

	

Leptin	has	a	role	in	fetal	growth	which	is	incompletely	understood	(Forhead	and	Fowden	2009;	

Briana	 and	 Malamitsi-Puchner	 2010).	 Leptin	 and	 its	 receptor	 are	 expressed	 widely	 in	 fetal	

tissues	and	the	placenta	(Hoggard,	Haggarty	et	al	2001).	Fetuses	born	small	for	gestational	age	

are	found	to	have	reduced	umbilical	cord	blood	leptin	concentrations	at	birth	and	macrosomic	

infants	of	diabetic	mothers	have	elevated	levels	of	umbilical	cord	leptin	(Lea,	Howe	et	al	2000;	

Ren	and	Shen	2010;	Karakosta,	Chatzi	et	al	2011).	There	is	also	a	positive	correlation	between	

ponderal	 index	at	birth	and	 leptin	 level,	 suggesting	 that	 the	association	 is	not	 just	related	to	

birth	weight	 but	more	 so	 to	 fetal	 adiposity	 (Karakosta,	 Chatzi	 et	 al	 2011).	 This	 suggestion	 is	
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also	 supported	 by	 the	 lack	 of	 a	 significant	 correlation	 between	 birth	weight	 and	 cord	 blood	

leptin	in	neonates	of	appropriate	weight	for	gestational	age	(Saylan,	Koken	et	al	2011).		

	

The	physiological	mechanisms	underlying	the	associations	between	fetal	 leptin	concentration	

and	 fetal	growth	 remain	 to	be	completely	elucidated	 (Tessier,	 Ferraro	et	al	2013).	 It	may	be	

that	 the	association	between	 leptin	 concentration	and	body	 size	 in	 the	 context	of	 abnormal	

fetal	growth	represent	an	adaptive	rather	than	causative	process	(Forhead	and	Fowden	2009).	

Indeed,	 individuals	born	with	congenitally	absent	 leptin	are	of	normal	birth	weight	according	

to	 both	 human	 and	 experimental	 animal	 studies,	 with	 the	 onset	 of	 adiposity	 seen	 only	

postnatally,	providing	evidence	against	a	significant	role	for	leptin	in	fetal	growth	(Montague,	

Farooqi	 et	 al	 1997;	Mounzih,	 Qiu	 et	 al	 1998).	 Fetal	 leptin	modulates	 fetal	 insulin	 sensitivity	

and,	therefore,	may	have	a	more	indirect	contribution	to	the	regulation	of	fetal	growth	via	the	

well	documented	insulin	and	insulin-like	growth	factor	pathways	(Catalano,	Presley	et	al	2009;	

Tessier,	Ferraro	et	al	2013).	

	

Studies	of	genetic	polymorphisms	 in	the	 leptin	pathway	have	generally	shown	 little	evidence	

for	 leptin	 as	 a	major	 fetal	 growth	 factor	 (Briana	 and	Malamitsi-Puchner	 2010).	 Importantly,	

however,	Souren	et	al	(2008)	demonstrated	an	association	between	two	LEPR	polymorphisms	

and	birth	weight	in	twins:	a	108g	per-allele	increase	in	birth	weight	for	rs1137100	and	an	82g	

per-allele	 increase	 for	 rs1137101.	 To	 date,	 no	 study	 has	 assessed	 the	 relationship	 between	

polymorphisms	 in	genes	 in	the	 leptin	pathway	and	 longitudinal	 fetal	growth	trajectories.	 It	 is	

possible	that	there	is	a	significant	role	for	leptin	pathway	genetic	variation	in	fetal	growth,	but	

that	the	influence	of	single	variants	is	too	subtle	to	be	detected	by	cross	sectional	studies	using	

crude	measures	of	 fetal	 growth	 such	as	birth	weight.	 In	order	 to	exclude	a	 role	 for	 leptin	 in	

fetal	 growth,	 adequately	 powered	 studies	 using	 longitudinal	 fetal	 growth	 assessments	 are	

required.	
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The	 leptin	 pathway	 shows	 promise	 as	 a	 therapeutic	 target	 to	 modulate	 the	 risk	 of	 adult	

metabolic	 disease	 through	 early	 life	 pharmacological	 intervention.	 Vickers	 et	 al	 (2005)	

demonstrated	that	a	period	of	neonatal	leptin	supplementation	given	to	the	growth-restricted	

offspring	of	nutritionally	deprived	rats	prevented	the	metabolic	associations	which	developed	

in	 those	 left	 untreated.	 Bouyer	 and	 Simerly	 (2013)	 also	 demonstrated	 improved	 adult	

metabolic	 outcomes	 with	 exogenous	 neonatal	 leptin	 exposure	 and	 further	 described	 the	

central	 neurological	 mechanisms	 of	 this	 treatment.	 Granado	 et	 al	 (2012)	 summarised	 the	

current	knowledge	of	neonatal	 leptin	supplementation,	 including	the	 importance	of	neonatal	

timing	 and	 the	 interaction	with	 postnatal	 diet.	 Further	 improved	 understanding	 of	 early	 life	

leptin	 physiology,	 including	 critical	 periods	 for	 developmental	 programming,	 is	 required	 in	

order	to	optimise	potential	clinical	interventions.	

	

In	order	to	explore	the	role	of	genomic	variation	within	the	 leptin	pathway	 in	the	DOHaD,	 in	

this	 chapter	 I	 will	 assess	 the	 associations	 of	 LEP	 and	 LEPR	 polymorphisms	 with	 health	

parameters	 across	 the	 life	 course,	 including	 fetal	 growth	 trajectories,	 adolescent	

cardiovascular	disease	risk	factors,	and	adolescent	and	adult	serum	leptin	concentrations.	

	

	

5.3 METHODS	

	

5.3.1 Subjects	

5.3.1.1 Initial	analyses	

Initial	 analyses	 for	 life	 course	 associations	 were	 performed	 in	 the	 Western	 Australian	

Pregnancy	 (Raine)	 Cohort	 including	 assessment	 of	 antenatal	 growth	 trajectories,	 birth	

anthropometry,	 adolescent	 cardiovascular	 disease	 risk	 factors,	 and	 adolescent	 serum	 leptin	

concentration.		
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5.3.1.2 Replication	analyses	

Replication	 analyses	 were	 performed	 within	 two	 further	 cohort	 studies:	 the	 Generation	 R	

Study	(antenatal	growth	trajectories	and	birth	anthropometry);	the	European	HELENA	(Healthy	

Lifestyle	 in	 Europe	 by	 Nutrition	 in	 Adolescence)	 cohort	 (adolescent	 serum	 leptin	

concentration).	 Adult	 serum	 leptin	 concentration	 was	 assessed	 in	 the	 Finnish	 Helsinki	 Birth	

Cohort	Study	(HBCS).	Figure	5.1	describes	the	contributions	of	each	cohort	to	components	of	

this	study.	All	 four	studies	were	conducted	with	 local	 institutional	ethics	committee	approval	

(Raine:	 King	 Edward	 Memorial	 Hospital,	 Princess	 Margaret	 Hospital,	 and	 The	 University	 of	

Western	 Australia	 Ethics	 Committees;	 Generation	 R:	 Medical	 Ethics	 Committee	 at	 Erasmus	

Medical	 Center;	 HELENA:	 Research	 Ethics	 Committees	 of	 each	 city	 involved;	 HBCS:	 National	

Public	 Health	 Institute	 Ethics	 Committee,	 Helsinki)	 and	 in	 compliance	 with	 the	 Helsinki	

Declaration.	Written	informed	consent	was	obtained	from	all	participants	and/or	the	parents	

or	guardians	of	child	participants.	

	

	

Figure	5.1.	Contributions	of	four	cohort	studies	to	life	course	association	study.	

	

5.3.2 The	Raine	Study	

The	 methodology	 of	 the	Western	 Australian	 Pregnancy	 (Raine)	 Cohort	 has	 previously	 been	

described	in	detail	(Chapter	1.5).	The	analyses	in	this	study	were	based	upon	1,162	Raine	Study	
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offspring	 who	 met	 the	 criteria	 of	 live,	 unrelated,	 singleton	 births,	 with	 no	 congenital	

abnormalities,	from	Caucasian	parents,	and	with	LEP	and	LEPR	genotype	data	available.	

	

Fetal	 growth	was	 assessed	 sonographically	 in	 terms	 of	 head	 circumference	 (HC),	 abdominal	

circumference	 (AC),	 and	 femur	 length	 (FL)	 measured	 in	 triplicate	 at	 each	 assessment	 using	

standard	 anatomical	 protocols.	 	 Fetoplacental	 Doppler	 flow	 velocity	 waveforms	 obtained	 at	

each	 ultrasound	 assessment	 were	 classified	 by	 a	 single	 obstetrician	 as	 “normal”	 (umbilical	

artery	systolic/diastolic	ratio	[UASDR]	less	than	95th	centile	for	gestational	age)	or	“impaired”	

(UASDR	 greater	 than	 95th	 centile	 for	 gestation	 or	 absent	 or	 reversed	 end-diastolic	 flow).		

Neonates	 were	 measured	 on	 day	 two	 of	 life,	 including	 head	 circumference,	 chest	

circumference,	 weight,	 and	 length	 (Evans,	 Newnham	 et	 al	 1996).	 Adolescents	 underwent	

physical	assessment	at	age	17	years.	Blood	samples	were	obtained	after	an	overnight	fast	and	

lipids	 (total	 cholesterol,	 high-density	 lipoprotein	 (HDL)	 cholesterol,	 low-density	 lipoprotein	

(LDL)	 cholesterol,	 and	 triglycerides),	 glucose,	 and	 insulin	 were	 measured	 at	 age	 17	 years	

(Huang,	 Burke	 et	 al	 2007).	 Fasting	 serum	 leptin	 was	 measured	 using	 the	 ACTIVE®	 Human	

Leptin	ELISA	kit	 (DSL-10-23100,	Diagnostic	 Systems	 laboratories	 Inc,	Webster,	 Texas,	USA)	at	

age	17	years.	

	

DNA	samples	were	extracted	from	peripheral	blood	at	14	or	17	years	using	standard	protocols.	

Genotyping	was	performed	using	the	GoldenGate®	Genotyping	Assay	(Illumina	Inc.,	San	Diego,	

California,	USA)	 as	 per	 the	manufacturer’s	 protocol	 (Fan,	 Chee	 et	 al	 2006)	 at	 the	Centre	 for	

Applied	Genomics	 (Toronto,	Ontario,	Canada).	 The	LEP	 and	LEPR	 genes	were	 tagged	 for	 five	

and	23	SNPs,	respectively,	selected	according	to	HapMap	release	24	(November	2008)	to	have	

minor	allele	frequency	of	at	least	0.1	and	be	linkage	disequilibrium-independent	of	each	other	

(R2	<	0.8)	(Table	5.1).	Genotyping	success	rates	were	greater	than	99%	for	all	28	SNPs.		

	

5.3.3 The	Generation	R	Study	
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Recruitment	 of	 the	 Generation	 R	 cohort	 has	 previously	 been	 described	 in	 detail	 (Jaddoe,	

Bakker	et	al	2007;	Jaddoe,	van	Duijn	et	al	2010;	www.generationr.nl).	In	brief,	9,778	pregnant	

women	 were	 recruited	 between	 April	 2002	 and	 January	 2006	 from	 two	 hospitals,	 eight	

midwifery	 practices,	 and	 16	 child	 health	 centres	 in	 Rotterdam,	 the	 Netherlands,	 to	 identify	

early	 environmental	 and	 genetic	 causes	 of	 normal	 and	 abnormal	 growth,	 development,	 and	

health.	 Repeated	 ultrasound	measurements	were	made	 at	 12,	 20,	 and	 30	weeks’	 gestation.	

This	cohort	has	been	shown	to	be	substantially	representative	of	the	antenatal	population	in	

Rotterdam	(Jaddoe,	Mackenbach	et	al	2006).		

	

Cord	blood	for	DNA	 isolation	was	available	 in	59%	of	all	 live	born	participating	children.	Sex-

mismatch	rate	between	genome	based	sex	and	midwife	record	based	sex	was	 low	(less	than	

0.5%),	 indicating	 that	 potential	 contamination	by	maternal	DNA	was	 extremely	 low.	Missing	

cord	blood	 samples	were	mainly	 due	 to	 logistical	 constraints	 at	 the	 time	of	 birth.	 Individual	

genotype	data	were	extracted	from	the	Illumina	610	Quad	Genome	Wide	Array	(Illumina	Inc.,	

San	 Diego,	 California,	 USA).	 Those	 SNPs	 which	 were	 not	 directly	 genotyped	 were	 imputed	

using	MACH	software	(Li,	Willer	et	al	2006)	against	HapMap	Phase	II	CEU	data	as	the	reference	

sample.		
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Table	5.1.	Characteristics	of	single	nucleotide	polymorphisms	included	in	the	study.	

	 	

SNP	
rs	ID	 Alleles	InheritancePattern	a	

MAF	
Raine	

MAF	
Genera-
tion	R	

MAF	
HELENA	

MAF	
HBCS	

SNP	
	Location	

Number	
of	SNPs	
in	LD	

Possible	genetic	mechanisms	of	
SNPs	in	LD	b	

LEP	 	 	 	 	 	 	 	 	 	
rs4731426	 C/G	 Dominant	 0.445	 0.442	 0.432	 0.433	 Intron	1	 9	 TFBS,	miRNA,	regulatory	potential	
rs11760956	 G/A	 Dominant	 0.373	 0.381	 0.345	 0.385	 Intron	1	 7	 Unknown	
rs11763517	 C/T	 Additive	 0.472	 0.494	 0.491	 0.452	 Intron	1	 1	 Regulatory	potential	
rs3828942	 G/A	 Additive	 0.451	 0.441	 0.452	 0.471	 Intron	2	 4	 Regulatory	potential,	TFBS	
rs2071045	 C/T	 Additive	 0.238	 0.216	 0.250	 0.160	 Intron	2	 1	 Unknown	

LEPR	 	 	 	 	 	 	 	 	 	
rs970468	 G/T	 Recessive	 0.385	 0.377	 –	 0.475	 Intron	2	 21	 Regulatory	potential	

rs17412368	 G/A	 Dominant	 0.452	 0.483	 –	 0.405	 Intron	2	 14	 Regulatory	potential	

rs8179183	 C/G	 Recessive	 0.172	 0.176	 0.185	 0.115	 Exon	14	 31	
Splicing	site,	nsSNP,	regulatory	
potential,	miRNA,	possibly	

damaging	polyphen	

rs11208682	 A/G	 Additive	 0.449	 0.452	 0.423	 0.404	 Intron	5	 11	
Splicing	site,	nsSNP,	possibly	

damaging	polyphen,	regulatory	
potential	

rs3790432	 T/A	 Additive	 0.210	 0.224	 –	 0.266	 Intron	3	 11	 TFBS,	regulatory	potential	
rs1180445	 C/T	 Dominant	 0.174	 0.161	 –	 0.091	 Intron	2	 10	 Regulatory	potential	
rs6673324	 A/G	 Additive	 0.499	 0.485	 –	 0.360	 Intron	2	 8	 TFBS	
rs7516341	 C/T	 Unknown	 0.390	 0.365	 –	 0.427	 Intron	18	 24	 Regulatory	potential	
rs1892535	 C/T	 Additive	 0.193	 0.190	 –	 0.323	 Intron	19	 42	 Regulatory	potential	
rs9436737	 C/G	 Additive	 0.117	 0.159	 –	 0.120	 Intron	1	 4	 Unknown	
rs17412175	 A/T	 Dominant	 0.435	 0.453	 –	 0.373	 Intron	2	 4	 miRNA,	regulatory	potential	
rs17127618	 C/G	 Dominant	 0.161	 0.144	 –	 0.089	 Intron	2	 4	 Regulatory	potential	

rs7602	 A/G	 Dominant	 0.218	 0.194	 –	 0.114	 Intron	2	 2	 miRNA	
rs4655537	 A/G	 Additive	 0.300	 0.353	 –	 0.285	 Intron	6	 2	 Unknown	
rs1171279	 C/T	 Dominant	 0.271	 0.242	 –	 0.183	 Intron	2	 2	 Regulatory	potential	
rs10493380	 A/C	 Dominant	 0.182	 0.190	 –	 0.110	 Intron	5	 2	 TFBS	
rs9436301	 C/T	 Unknown	 0.407	 0.235	 –	 0.159	 Intron	2	 2	 Regulatory	potential	
rs12405556	 G/T	 Additive	 0.263	 0.270	 –	 0.377	 Intron	7	 3	 Unknown	
rs1171267	 G/T	 Additive	 0.364	 0.352	 –	 0.475	 Intron	2	 2	 Unknown	
rs12145690	 A/C	 Recessive	 0.484	 0.455	 –	 0.482	 Intron	1	 4	 TFBS,	regulatory	potential	
rs3790433	 A/G	 Dominant	 0.263	 0.243	 –	 0.216	 Intron	2	 1	 Unknown	
rs9436740	 A/T	 Recessive	 0.286	 0.169	 –	 0.181	 Intron	2	 1	 Unknown	
rs11585329	 G/T	 Dominant	 0.159	 0.166	 –	 0.098	 Intron	11	 1	 Unknown	
a	Apparent	inheritance	pattern	determined	by	assessing	codominant	model	for	all	phenotypic	outcomes	and	selecting	the	
pattern	of	bit	apparent	fit	for	each	SNP	across	all	phenotypes	
b	Possible	genetic	mechanisms	determined	by	FuncPred	at	http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm	
Abbreviations:	SNP	=	single	nucleotide	polymorphism;	MAF	=	minor	allele	frequency;	Raine	–	Raine	cohort;	Generation	R	
=	The	Generation	R	Study;	HELENA	=	Health	Lifestyle	in	Europe	by	Nutrition	in	Adolescence	cohort;	HBCS	=	Helsinki	Birth	
Cohort	Study	cohort;	LD	=	linkage	disequilibrium;	TFBS	=	transcription	factor	binding	site;	nsSNP	=	non-synonymous	single	
nucleotide	polymorphism;	polyphen	=	predicted	polymorphism	phenotype;	miRNA	=	micro-ribonucleic	acid.	
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5.3.4 HELENA	

The	 design	 of	 the	 HELENA	 (Healthy	 Lifestyle	 in	 Europe	 by	 Nutrition	 in	 Adolescence)	 cross-

sectional	 study	 has	 been	 described	 in	 detail	 previously	 (Moreno,	 De	 Henauw	 et	 al	 2008;	

www.helenastudy.com).	 Briefly,	 3,865	 adolescents	 aged	 12	 to	 18	 (mean	 14.7)	 years	 were	

recruited	 between	 2006	 and	 2007	 from	 a	 total	 of	 10	 centres	 in	 nine	 European	 countries.	

Subjects	 were	 randomly	 selected	 from	 schools	 by	 using	 a	 proportional	 cluster	 sampling	

methodology	and	 taking	age	 into	account.	One-third	of	 subjects	were	 randomly	 selected	 for	

blood	 collection.	 The	 fasting	 plasma	 leptin	 concentration	 was	 available	 for	 828	 adolescents	

(371	male	and	457	female).	Weight,	height,	blood	pressure,	and	skinfold	thickness	at	six	sites	

(biceps,	 triceps,	 sub-scapular,	 supra-iliac,	 thigh	 and	 calf	 using	 a	 Holtain	 Calliper)	 were	

measured	 for	 all	 subjects.	 Tanner	 pubertal	 development	 stage	 was	 assessed	 at	 all	 but	 one	

centre.		

	

Following	 the	 HELENA	 sampling	 protocol	 (Gonzalez-Gross,	 Breidenassel	 et	 al	 2008),	 blood	

samples	were	 drawn	 after	 an	 overnight	 fast,	 first	 sent	 to	 a	 central	 laboratory	 (IEL	 analytical	

laboratory,	University	 of	 Bonn,	Germany),	 and	 then	on	 to	 the	 biochemical	 laboratory	 at	 the	

Universidad	Poltécnica	of	Madrid	where	Serum	leptin	concentrations	were	measured	using	the	

RayBio®	 Human	 Leptin	 ELISA	 in	 duplicate.	 DNA	 extraction	 was	 performed	 at	 the	 Genomic	

Analysis	 Laboratory	at	 the	 Institut	Pasteur	de	 Lille	 (Lille,	 France)	 from	white	blood	 cells	with	

the	 Puregene	 kit	 (QIAGEN,	 Courtaboeuf,	 France).	 SNPs	were	 selected	 according	 to	 HapMap	

release	 24	 (November	 2008)	with	 the	 criteria	 used	 in	 our	 SNP	 selection	 procedure	 (a	minor	

allele	 frequency	 (MAF)	 over	 0.1	 and	 tag	 SNPs	with	 an	 R²	 value	 below	 0.8).	 Genotyping	was	

performed	using	GoldenGate®	Genotyping	Assay	(Illumina	 Inc.,	San	Diego,	California,	USA)	as	

per	 the	manufacturer’s	 protocol	 (Fan,	 Chee	 et	 al	 2006).	 The	 genotyping	 success	 rates	were	

greater	than	99.8%.	
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5.3.5 Helsinki	Birth	Cohort	Study	

The	Helsinki	Birth	Cohort	Study	 (HBCS)	 is	 comprised	of	8,760	 individuals	born	between	1934	

and	1944	at	 the	Helsinki	University	Central	Hospital	 in	Helsinki,	Finland.	Between	years	2001	

and	2003,	a	randomly	selected	sample	of	928	males	and	1,075	females	participated	in	a	clinical	

follow-up	study	with	a	 focus	on	cardiovascular,	metabolic	and	reproductive	health,	cognitive	

function,	 and	 depressive	 symptoms.	 Genotype	 and	 phenotype	 data	 (57.3%	women)	 for	 the	

current	analyses	(mean	age	61.5	years,	standard	deviation	2.9	years)	were	available	for	1,713	

participants.	Detailed	information	on	the	selection	of	the	HBCS	participants	and	on	the	study	

design	 can	 be	 found	 elsewhere	 (Barker,	 Osmond	 et	 al	 2005;	 Eriksson,	 Osmond	 et	 al	 2006;	

Raikkonen,	 Pesonen	 et	 al	 2008).	 Fasting	 leptin	 concentrations	 were	 measured	 using	

MILLIPLEX™	 MAP	 panels	 utilizing	 the	 Luminex®	 platform.	 DNA	 was	 extracted	 from	 blood	

samples	and	genotyping	was	performed	with	the	modified	Illumina	610k	chip	by	the	Wellcome	

Trust	Sanger	Institute	(Cambridge,	UK)	according	to	standard	protocols.	Genomic	coverage	was	

extended	 by	 imputation	 using	 the	 HapMap	 Phase	 II	 CEU	 data	 as	 the	 reference	 sample	 and	

MACH	 software	 (Li,	 Willer	 et	 al	 2006).	 None	 of	 the	 genotyped	 SNPs	 deviated	 from	 Hardy	

Weinberg	disequilibrium	(p	>	0.05)	and	all	imputed	SNPs	showed	good	quality	of	imputation.		

	

5.3.6 Statistical	analysis	

Linear	mixed	effects	models	were	utilised	 for	 the	 longitudinal	 analysis	of	ultrasound	HC,	AC,	

and	FL	 intercept	and	slope,	 including	 intercept	and	gestational	age	as	 random	effects	where	

significant	 (Laird	and	Ware	1982).	Cross-sectional	analyses	of	birth	anthropometrics	and	CVD	

risk	 factors	 at	 age	 17	 years	 were	 performed	 using	multivariate	 linear	 regression.	 Outcomes	

assessed	 in	 children	 included:	 fetal	 and	 infant	 anthropometry	 (excluding	 individuals	 born	

preterm),	adolescent	CVD	risk	factors	including	blood	pressure,	body	mass	index,	fasting	total	

cholesterol,	 LDL-cholesterol,	 HDL-cholesterol,	 triglycerides,	 and	 homeostasis	 model	

assessment	 of	 insulin	 resistance	 (HOMA-IR)	 (Matthews,	 Hosker	 et	 al	 1985),	 and	 adolescent	

leptin	levels.	Analyses	of	adolescent	CVD	risk	factors	were	adjusted	for	adiposity.		Serum	leptin	
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concentration	was	analysed	using	quantile	regression	(Kroenker	and	Bassett	1978)	due	to	the	

highly	 skewed	 distribution,	 including	 the	 best	 measure	 of	 adiposity	 for	 each	 cohort	 as	 a	

covariate	(skinfold	thickness	for	Raine	and	HELENA,	and	waist	circumference	for	HBCS).		

	

All	 continuous	covariates	were	centred	at	 the	overall	mean	 to	 remove	potential	 correlations	

between	model	beta	coefficients.	Covariates	were	selected	for	multivariate	models	using	both	

forwards	and	backwards	stepwise	procedures.	SNPs	were	each	coded	as	categorical	covariates	

according	to	the	number	of	copies	of	the	minor	allele	and	analysed	first	under	a	codominant	

model.	 SNPs	 identified	with	 nominally	 significant	 effects	were	 then	 reanalysed	 according	 to	

the	 appropriate	 genetic	 model	 (dominant,	 recessive,	 or	 additive)	 that	 best	 fit	 the	 overall	

associations	demonstrated	for	that	SNP.	Analysis	by	apparent	inheritance	pattern	is	not	typical	

of	 genetic	 association	 studies	 where	 an	 additive	 model	 is	 generally	 used	 for	 all	 genetic	

covariates.	 It	does	not	accurately	reflect	the	underlying	biologic	processes	to	assume	that	all	

genetic	variants	act	 in	an	additive	fashion,	and	we	found	that	fetal	growth	associations	were	

more	significant	where	SNPs	were	modelled	according	to	their	apparent	 inheritance	pattern.	

The	 subtle	 nature	 of	 the	 contributions	 of	 single	 SNPs	 to	 fetal	 growth	 required	 maximal	

“statistical	 resolution”	 to	 detect	 these	 contributions,	 as	 was	 best	 afforded	 using	 this	

alternative	modelling	approach.		

	

All	 analyses	 were	 performed	 using	 the	 statistical	 graphics	 software	 R	 version	 2.10.1	 (R	

Development	 Core	 Team	 2009).	 Nominal	 significance	 was	 defined	 at	 the	 α=0.05	 level:	

corrections	 were	 made	 for	 multiple	 testing	 using	 a	 false	 discovery	 rate	 (FDR)	 of	 0.05	

(Benjamini	and	Hochberg	1995)	when	independent	replication	samples	were	not	available	for	

specific	phenotypes.		
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5.4 RESULTS	

	

The	characteristics	of	the	SNPs	 included	within	the	study,	 including	their	 locations	within	the	

genes	and	their	predicted	effect	on	gene	function	(National	Institute	of	Environmental	Health	

Sciences	and	National	Institutes	of	Health	2010)	are	described	in	Table	5.1.	The	majority	of	the	

predicted	 SNP	 functional	 effects	 were	 related	 to	 regulation	 of	 gene	 expression	 and	

transcription,	 in	 keeping	with	 the	 intronic	 location	 of	 all	 but	 one	of	 the	 SNPs.	 A	minority	 of	

SNPs	 involved	 amino	 acid	 substitutions	within	 the	 encoded	proteins	 and	 the	 remainder	 had	

unknown	functional	effects.		

	

The	population	characteristics	of	 the	four	 included	cohort	studies	are	described	 in	Table	5.2.	

The	Raine	Study	and	the	Generation	R	Study	are	similar	in	perinatal	characteristics,	aside	from	

the	Dutch	parents	being	older	and	less	parous	than	the	Australians.	The	HELENA	participants	

were	 younger	 (14.7	 years)	 at	 their	 adolescent	 assessment	of	 serum	 leptin	 than	 those	of	 the	

Raine	Study	 (17.1	years).	 The	HBCS	participants	were	 substantially	older	at	 the	 time	of	 their	

leptin	assessment	than	the	other	cohorts	(61.5	years).		

	

5.4.1 Prenatal	growth	

Initial	 analyses	 within	 the	 Raine	 Study	 demonstrated	 nominally	 significant	 associations	

between	SNPs	in	LEP	and	LEPR	and	prenatal	growth	of	the	abdomen,	head,	and	femur	(Tables	

5.3,	 5.4,	 and	 5.5,	 respectively).	 Of	 the	 five	 SNPs	 in	 LEP,	 one	was	 associated	with	 decreased	

abdominal	 growth	 (p=0.007).	 Of	 the	 23	 SNPs	 in	 LEPR,	 three	 (rs970468,	 rs12405556,	 and	

rs1171267)	 were	 associated	 with	 increased	 fetal	 growth	 and	 seven	 (rs1180445,	 rs6673324,	

rs9436737,	rs17412175,	rs17127618,	rs7602,	and	rs1171279)	were	associated	with	decreased	

fetal	growth.	Several	SNPs	demonstrated	consistent	associations	across	multiple	fetal	growth	

parameters.	Two	SNPs	in	LEPR	(rs974068	and	rs1180445)	were	associated	with	altered	growth	

in	all	three	parameters.	
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Table	5.2.	Characteristics	of	participants	of	each	of	the	four	international	cohort	studies	

included	in	analyses.	

	
	

	

Demographic	characteristic	 Raine	Study	 Generation	R	 HELENA	 Helsinki	Birth	
Cohort	Study	

Subjects	
Number	

	
1,162	

	
2,650	

	
882	

	
1,713	

Pregnancy	
Maternal	age,	years	
Maternal	pre-pregnancy	body	mass	index,	
kg/m2	
Maternal	weight	gain	in	pregnancy,	kg	

28.4	(28.0,	28.7)	
22.6	(22.3,	22.8)	

	
8.8	(8.6,	9.1)	

31.6	(4.2)	
22.2	(20.6,	24.6)	

	
–	

–	
–	
	
–	

–	
–	
	
–	

Paternal	age,	years	
Paternal	body	mass	index,	kg/m2	

30.6	(30.2,	31.0)	
24.6	(24.4,	24.8)	

33.9	(30.8,	36.5)	
24.8	(22.8,	27.1)	

–	
–	

–	
–	

Maternal	diabetes,	n	(%)	
Maternal	hypertension,	n	(%)	
Maternal	anaemia,	n	(%)	
Maternal	smoking,	n	(%)	

64	(5.5%)	
320	(27.5%)	
309	(26.6%)	
275	(23.7%)	

20	(0.8%)	
106	(4.0%)	

–	
561	(21.1%)	

–	
–	
–	
–	

–	
–	
–	
–	

Parity,	n	(%):	
					0	
					1	
					2	
					3	
					≥4	

	
552	(47.5%)	
349	(30.0%)	
175	(15.1%)	
66	(5.7%)	
20	(1.7%)	

	
1562	(59.1%)	
837	(31.7%)	
204	(7.7%)	
32	(1.2%)	
7	(0.2%)	

	
–	
–	
–	
–	
–	

	
–	
–	
–	
–	
–	

Sex,	n	(%):	
					Male	
					Female	

	
612	(52.7%)	
550	(47.7%)	

	
1,356	(51.0%)	
1,301	(49.0%)	

	
–	
–	

	
731	(42.7%)	
982	(57.3%)	

Gestational	age	at	birth,	days	
Preterm	(<37	completed	weeks),	n	(%)	
birth	weight,	g	
Ponderal	index	at	birth,	kg/cm3	

275	(274,	276)	
98	(8.4%)	

3,359	(3326,	3392)	
27.3	(27.1,	27.4)	

280	(276,	288)	
75	(2.8%)	

3548	(3235,	3890)	
27.2	(25.5,	29.4)	

–	
–	
–	
–	

–	
–	
–	
–	

Adolescent	cardiovascular	disease	risk	factors	
Age	at	assessment,	years	
Body	mass	index,	kg/m2	
Systolic	blood	pressure,	mmHg	
Total	cholesterol,	mmol/L	
HDL-cholesterol,	mmol/L	
LDL-cholesterol,	mmol/L	
Triglycerides,	mmol/L	
HOMA-IR	

14.1	(0.19)	
21.5	(21.3,	21.8)	

113	(11.0)	
4.17	(4.12,	4.21)	
1.39	(1.37,	1.40)	
2.31	(2.27,	2.34)	
1.04	(1.00,	1.07)	
2.60	(2.48,	2.73)	

–	
–	
–	
–	
–	
–	
–	
–	

–	
–	
–	
–	
–	
–	
–	
–	

–	
–	
–	
–	
–	
–	
–	
–	

Leptin	 	 	 	 	
Age	at	assessment,	years	
Serum	leptin,	ng/mL	
Body	mass	index,	kg/m2	

17.1	(0.25)	
11.4	(2.7,	27.5)	
22.1	(20.0,	24.4)	

–	
–	
–	

14.7	(1.2)	
11.9	(4.0,	20.0)	
20.6	(18.8,	22.9)	

61.5	(2.92)	
13.2	(3.7,	22.7)	
27.0	(24.2,	29.8)	

Data	presented	as	mean	(standard	deviation),	number	(percentage)	,or	median	(interquartile	range)	as	appropriate	
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Table	5.3.	Longitudinal	fetal	abdominal	circumference	growth	(intercept)	associations	with	LEP	

and	LEPR	polymorphisms	in	the	Raine	Study	and	the	Generation	R	Study.	

	 	

	 Raine	Study	 Generation	R	Study	

SNP	 Estimate	 Lower	
95%	CI	

Upper	
95%	CI	 P-value	 Estimate	 Lower	

95%	CI	
Upper	
95%	CI	 P-value	

LEP	 	 	 	 	 	 	 	 	
rs4731426	 -0.226	 -1.394	 0.941	 0.704	 -0.109	 -0.697	 0.478	 0.716	
rs11760956	 -1.039	 -2.137	 0.059	 0.064	 -0.372	 -0.930	 0.185	 0.191	
rs11763517	 -1.020	 -1.765	 -0.276	 0.007	 0.213	 -0.168	 0.595	 0.273	
rs3828942	 0.695	 -0.049	 1.440	 0.067	 0.022	 -0.366	 0.410	 0.911	
rs2071045	 -0.378	 -1.272	 0.517	 0.408	 -0.204	 -0.671	 0.263	 0.392	

LEPR	 	 	 	 	 	 	 	 	
rs970468	 2.122	 0.534	 3.711	 0.009	 -0.157	 -0.921	 0.608	 0.688	

rs17412368	 -0.852	 -2.065	 0.360	 0.168	 0.208	 -0.429	 0.845	 0.522	
rs8179183	 -1.504	 -4.610	 1.602	 0.343	 -0.551	 -1.127	 0.025	 0.061	
rs11208682	 0.350	 -0.405	 1.106	 0.364	 0.152	 -0.233	 0.538	 0.439	
rs3790432	 -0.532	 -1.455	 0.391	 0.259	 0.448	 -0.014	 0.911	 0.058	
rs1180445	 -1.158	 -2.294	 -0.022	 0.046	 -0.111	 -1.876	 1.654	 0.902	
rs6673324	 -0.495	 -1.239	 0.249	 0.192	 0.008	 -0.371	 0.386	 0.967	
rs7516341	 0.137	 -0.650	 0.925	 0.733	 -0.046	 -0.444	 0.351	 0.819	
rs1892535	 0.991	 -0.015	 1.996	 0.054	 -0.390	 -0.878	 0.097	 0.117	
rs9436737	 -1.246	 -2.381	 -0.110	 0.032	 0.293	 -0.228	 0.813	 0.270	
rs17412175	 -0.774	 -1.971	 0.422	 0.205	 0.219	 -0.443	 0.880	 0.517	
rs17127618	 -0.888	 -2.072	 0.296	 0.142	 0.380	 -0.228	 0.988	 0.221	

rs7602	 -1.094	 -2.194	 0.005	 0.051	 0.261	 -1.181	 1.704	 0.723	
rs4655537	 -0.353	 -1.156	 0.449	 0.388	 0.116	 -0.282	 0.514	 0.567	
rs1171279	 -0.618	 -1.695	 0.459	 0.261	 0.357	 -0.190	 0.903	 0.202	
rs10493380	 -0.071	 -1.216	 1.074	 0.903	 0.375	 -0.194	 0.944	 0.197	
rs9436301	 -0.467	 -1.499	 0.564	 0.375	 -0.138	 -0.590	 0.314	 0.549	
rs12405556	 0.718	 -0.159	 1.595	 0.109	 -0.460	 -0.886	 -0.034	 0.035	
rs1171267	 0.767	 -0.022	 1.557	 0.057	 -0.236	 -0.629	 0.157	 0.240	
rs12145690	 1.001	 -0.310	 2.312	 0.135	 -0.335	 -1.005	 0.336	 0.328	
rs3790433	 -0.154	 -1.239	 0.930	 0.780	 -0.589	 -1.729	 0.552	 0.312	
rs9436740	 1.038	 -1.019	 3.096	 0.323	 -1.067	 -2.998	 0.865	 0.279	
rs11585329	 0.150	 -1.012	 1.312	 0.800	 -0.431	 -1.029	 0.166	 0.157	
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Table	5.4.	Longitudinal	fetal	head	circumference	growth	(intercept)	associations	with	LEP	and	

LEPR	polymorphisms	in	the	Raine	Study	and	the	Generation	R	Study.	

	 	

	 Raine	Study	 Generation	R	Study	

SNP	 Estimate	 Lower	
95%	CI	

Upper	
95%	CI	 P-value	 Estimate	 Lower	

95%	CI	
Upper	
95%	CI	 P-value	

LEP	 	 	 	 	 	 	 	 	
rs4731426	 0.265	 -0.881	 1.411	 0.650	 -0.209	 -0.625	 0.208	 0.327	
rs11760956	 -0.357	 -1.440	 0.725	 0.518	 -0.414	 -0.810	 -0.019	 0.040	
rs11763517	 -0.246	 -0.980	 0.488	 0.512	 0.201	 -0.069	 0.472	 0.145	
rs3828942	 -0.068	 -0.801	 0.665	 0.856	 0.048	 -0.226	 0.323	 0.731	
rs2071045	 -0.085	 -0.965	 0.795	 0.850	 -0.115	 -0.445	 0.214	 0.493	

LEPR	 	 	 	 	 	 	 	 	
rs970468	 2.537	 1.002	 4.073	 0.001	 -0.152	 -0.697	 0.393	 0.585	

rs17412368	 -0.917	 -2.102	 0.268	 0.130	 -0.062	 -0.513	 0.390	 0.789	
rs8179183	 -2.374	 -5.479	 0.730	 0.134	 -0.301	 -0.710	 0.107	 0.148	
rs11208682	 0.727	 -0.012	 1.465	 0.054	 0.023	 -0.251	 0.297	 0.868	
rs3790432	 -0.040	 -0.948	 0.868	 0.931	 0.546	 0.217	 0.875	 0.001	
rs1180445	 -1.375	 -2.482	 -0.267	 0.015	 0.159	 -1.079	 1.397	 0.801	
rs6673324	 -0.856	 -1.579	 -0.132	 0.021	 -0.060	 -0.329	 0.209	 0.662	
rs7516341	 -0.356	 -1.129	 0.417	 0.367	 0.100	 -0.182	 0.382	 0.487	
rs1892535	 0.888	 -0.093	 1.868	 0.076	 -0.383	 -0.729	 -0.037	 0.030	
rs9436737	 -0.385	 -1.492	 0.723	 0.496	 0.389	 0.020	 0.759	 0.039	
rs17412175	 -1.260	 -2.425	 -0.095	 0.034	 0.074	 -0.395	 0.543	 0.758	
rs17127618	 -0.818	 -1.974	 0.338	 0.166	 -0.147	 -0.579	 0.284	 0.503	

rs7602	 -1.006	 -2.076	 0.065	 0.066	 0.222	 -0.792	 1.236	 0.668	
rs4655537	 -0.087	 -0.872	 0.698	 0.828	 0.099	 -0.183	 0.381	 0.491	
rs1171279	 -0.891	 -1.942	 0.160	 0.097	 0.066	 -0.322	 0.454	 0.738	
rs10493380	 -0.715	 -1.837	 0.408	 0.212	 0.065	 -0.338	 0.469	 0.751	
rs9436301	 0.184	 -0.831	 1.200	 0.722	 0.024	 -0.296	 0.345	 0.882	
rs12405556	 1.121	 0.271	 1.971	 0.010	 -0.373	 -0.677	 -0.070	 0.016	
rs1171267	 1.021	 0.253	 1.788	 0.009	 -0.177	 -0.456	 0.103	 0.216	
rs12145690	 1.125	 -0.165	 2.415	 0.088	 0.128	 -0.349	 0.604	 0.599	
rs3790433	 -0.651	 -1.713	 0.410	 0.229	 -0.331	 -1.141	 0.479	 0.423	
rs9436740	 0.444	 -1.522	 2.410	 0.658	 -0.387	 -1.755	 0.982	 0.580	
rs11585329	 0.988	 -0.154	 2.130	 0.090	 -0.288	 -0.712	 0.135	 0.182	
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Table	5.5.	Longitudinal	fetal	femur	length	growth	(intercept)	associations	with	LEP	and	LEPR	

polymorphisms	in	the	Raine	Study	and	the	Generation	R	Study.	

	 Raine	Study	 Generation	R	Study	

SNP	 Estimate	 Lower	
95%	CI	

Upper	
95%	CI	 P-value	 Estimate	 Lower	

95%	CI	
Upper	
95%	CI	 P-value	

LEP	 	 	 	 	 	 	 	 	
rs4731426	 0.080	 -0.178	 0.337	 0.545	 -0.009	 -0.136	 0.117	 0.884	
rs11760956	 -0.099	 -0.342	 0.144	 0.423	 -0.030	 -0.150	 0.089	 0.619	
rs11763517	 -0.078	 -0.242	 0.087	 0.354	 0.027	 -0.055	 0.108	 0.525	
rs3828942	 0.008	 -0.156	 0.172	 0.924	 -0.045	 -0.128	 0.038	 0.285	
rs2071045	 -0.184	 -0.381	 0.013	 0.067	 0.042	 -0.058	 0.141	 0.415	

LEPR	 	 	 	 	 	 	 	 	
rs970468	 0.439	 0.087	 0.792	 0.015	 -0.047	 -0.212	 0.118	 0.577	

rs17412368	 -0.202	 -0.469	 0.064	 0.137	 -0.014	 -0.151	 0.122	 0.836	
rs8179183	 -0.427	 -1.112	 0.258	 0.222	 -0.132	 -0.255	 -0.008	 0.037	
rs11208682	 0.145	 -0.021	 0.311	 0.088	 -0.005	 -0.088	 0.078	 0.910	
rs3790432	 -0.028	 -0.231	 0.175	 0.786	 0.123	 0.023	 0.222	 0.016	
rs1180445	 -0.465	 -0.713	 -0.217	 <0.000	 0.189	 -0.185	 0.564	 0.322	
rs6673324	 -0.174	 -0.337	 -0.011	 0.037	 -0.018	 -0.099	 0.063	 0.664	
rs7516341	 -0.079	 -0.252	 0.094	 0.373	 -0.048	 -0.134	 0.037	 0.269	
rs1892535	 0.163	 -0.057	 0.384	 0.147	 -0.056	 -0.160	 0.049	 0.297	
rs9436737	 -0.243	 -0.492	 0.006	 0.056	 0.099	 -0.013	 0.211	 0.084	
rs17412175	 -0.207	 -0.470	 0.056	 0.124	 0.034	 -0.108	 0.176	 0.635	
rs17127618	 -0.276	 -0.535	 -0.017	 0.037	 -0.020	 -0.151	 0.111	 0.767	

rs7602	 -0.330	 -0.571	 -0.089	 0.007	 -0.028	 -0.336	 0.280	 0.859	
rs4655537	 -0.026	 -0.203	 0.151	 0.771	 0.063	 -0.023	 0.148	 0.150	
rs1171279	 -0.276	 -0.512	 -0.039	 0.023	 0.060	 -0.057	 0.178	 0.315	
rs10493380	 -0.176	 -0.427	 0.075	 0.170	 -0.016	 -0.149	 0.117	 0.817	
rs9436301	 -0.035	 -0.262	 0.192	 0.761	 0.001	 -0.096	 0.098	 0.980	
rs12405556	 0.219	 0.026	 0.411	 0.026	 -0.077	 -0.169	 0.015	 0.101	
rs1171267	 0.237	 0.063	 0.410	 0.008	 -0.037	 -0.122	 0.048	 0.394	
rs12145690	 0.132	 -0.158	 0.421	 0.373	 -0.082	 -0.226	 0.062	 0.263	
rs3790433	 -0.117	 -0.355	 0.122	 0.338	 -0.135	 -0.380	 0.110	 0.283	
rs9436740	 0.310	 -0.145	 0.764	 0.182	 -0.181	 -0.598	 0.237	 0.397	
rs11585329	 0.074	 -0.182	 0.330	 0.572	 -0.173	 -0.300	 -0.046	 0.008	
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Replication	 analyses	 were	 performed	 in	 the	 Generation	 R	 Study.	 No	 SNP	 demonstrated	

consistent	associations	with	the	same	fetal	growth	parameters.	Cross	sectional	analysis	of	fetal	

biometry	 in	 the	 Raine	 Study	 demonstrated	 that	 associations	 with	 fetal	 growth	 became	

significant	 only	 in	 the	 late	 third	 trimester	 (beyond	 34	weeks’	 gestation).	 This	 time	 period	 is	

better	characterised	by	 the	serial	 third	 trimester	assessments	 in	 the	Raine	Study	 (24,	28,	34,	

and	 38	weeks)	 than	 the	 single	 assessment	 in	Generation	 R	 (30	weeks).	 To	 demonstrate	 the	

limited	ability	of	repeated	ultrasound	measures	prior	to	30	weeks’	gestation	to	identify	genetic	

associations	 with	 fetal	 growth,	 all	 of	 the	 SNPs	 that	 were	 nominally	 significant	 in	 the	 Raine	

Study	 biometry	 analyses	 were	 re-analysed	 limiting	 the	 ultrasound	 data	 to	 16	 to	 30	 weeks’	

gestation.	These	data,	and	the	corresponding	data	from	Generation	R,	are	presented	in	Table	

5.6.	None	of	the	significant	associations	identified	in	the	Raine	Study	with	the	complete	third	

trimester	 ultrasound	 data	 remained	 significant	when	 data	were	 constrained	 to	 less	 than	 30	

weeks’	 gestation.	 Further,	 the	 regression	 coefficients	 for	 effect	 sizes	 were	 smaller	 and	

confidence	 intervals	 wider,	 with	 the	 constrained	 Raine	 Study	 values	 more	 similar	 to	 the	

Generation	R	Study	values	than	the	complete	Raine	Study	data.	

	
In	the	absence	of	convincing	replication	within	the	Generation	R	Study	for	the	findings	within	

the	 Raine	 Study,	 correction	 for	multiple	 testing	 was	 applied	 to	 the	 findings	 from	 the	 Raine	

Study	analysis	to	exclude	the	possibility	of	spuriously	significant	results	due	to	repeated	testing	

(Table	 5.7).	 Following	 FDR	 correction,	 two	 LEPR	 SNPs	 (rs9436737	 and	 rs17412175)	were	 no	

longer	 significantly	 associated	 with	 fetal	 growth	 whilst	 the	 remaining	 SNPs	 remained	

significantly	associated.	
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Table	5.7.	False	discovery	rate	correction	for	multiple	testing	for	longitudinal	fetal	growth	

associations	with	LEP	and	LEPR	polymorphisms	in	the	Raine	Study.	

	
	 	

	
Abdominal	

circumference	
Head	

circumference	
Femur	
length	

SNP	 P	value	 Q	value	 P	value	 Q	value	 P	value	 Q	value	
LEP	 	 	 	 	 	 	rs4731426	 0.704	 0.278	 0.650	 0.407	 0.545	 0.202	

rs11760956	 0.064	 0.071	 0.518	 0.351	 0.423	 0.164	
rs11763517	 0.007	 0.043	 0.512	 0.351	 0.354	 0.152	
rs3828942	 0.067	 0.071	 0.856	 0.451	 0.924	 0.282	
rs2071045	 0.408	 0.168	 0.850	 0.451	 0.067	 0.057	

LEPR	 	 	 	 	 	 	rs970468	 0.009	 0.043	 0.001	 0.014	 0.015	 0.032	
rs17412368	 0.168	 0.123	 0.130	 0.136	 0.137	 0.090	
rs8179183	 0.343	 0.167	 0.134	 0.136	 0.222	 0.112	
rs11208682	 0.364	 0.167	 0.054	 0.110	 0.088	 0.068	
rs3790432	 0.259	 0.146	 0.931	 0.473	 0.786	 0.249	
rs1180445	 0.046	 0.071	 0.015	 0.053	 <0.001	 <0.001	
rs6673324	 0.192	 0.130	 0.021	 0.060	 0.037	 0.040	
rs7516341	 0.733	 0.278	 0.367	 0.290	 0.373	 0.152	
rs1892535	 0.054	 0.071	 0.076	 0.115	 0.147	 0.090	
rs9436737	 0.032	 0.071	 0.496	 0.351	 0.056	 0.053	
rs17412175	 0.205	 0.130	 0.034	 0.081	 0.124	 0.088	
rs17127618	 0.142	 0.112	 0.166	 0.157	 0.037	 0.040	

rs7602	 0.051	 0.071	 0.066	 0.115	 0.007	 0.023	
rs4655537	 0.388	 0.167	 0.828	 0.451	 0.771	 0.249	
rs1171279	 0.261	 0.146	 0.097	 0.115	 0.023	 0.037	
rs10493380	 0.903	 0.306	 0.212	 0.188	 0.170	 0.097	
rs9436301	 0.375	 0.167	 0.722	 0.428	 0.761	 0.249	
rs12405556	 0.109	 0.103	 0.010	 0.047	 0.026	 0.037	
rs1171267	 0.057	 0.071	 0.009	 0.047	 0.008	 0.023	
rs12145690	 0.135	 0.112	 0.088	 0.115	 0.373	 0.152	
rs3790433	 0.780	 0.281	 0.229	 0.191	 0.338	 0.152	
rs9436740	 0.323	 0.167	 0.658	 0.407	 0.182	 0.097	
rs11585329	 0.800	 0.281	 0.090	 0.115	 0.572	 0.204	
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5.4.2 Birth	anthropometry	

No	significant	associations	were	detected	between	LEP	and	LEPR	SNPs	and	either	birth	weight	

or	ponderal	index	at	birth	in	the	Raine	Study.		

	

Associations	were	 specifically	 sought	between	birth	weight	and	 the	 two	SNPs	 found	 to	have	

significant	associations	with	birth	weight	in	a	twin	study	by	Souren	et	al	(2008).	No	significant	

associations	were	found	between	the	genotypes	of	rs12405556	(a	proxy	for	rs1137100	[LEPR	

K109R],	 R2=0.93)	 and	 rs6673324	 (a	 proxy	 for	 rs1137101	 [LEPR	 Q223R],	 R2=0.738),	with	 non-

significant	per-allele	increases	in	birth	weight	of	12g	(p=0.315)	and	4g	(p=0.688),	respectively.	

There	was	 no	 significant	 association	with	 ponderal	 index	 at	 birth	 for	 either	 SNP.	 Both	 SNPs	

were,	however,	associated	with	longitudinally	assessed	prenatal	growth.	

	

5.4.3 Adolescent	cardiovascular	disease	risk	factors	

The	 Raine	 Study	 demonstrated	 nominally	 significant	 associations	 between	 LEP	 and	 LEPR	

polymorphisms	and	all	of	the	cardiovascular	disease	risk	factors	assessed.	After	correction	for	

multiple	testing	with	a	false	discovery	rate	of	0.05,	only	one	association	remained	statistically	

significant;	 that	 between	 rs9436737	 and	 decreased	 HDL-cholesterol	 in	 females	 (p=0.002,	

q=0.046,	Table	5.8).	

	

5.4.4 Serum	leptin	concentration	

Initial	 analyses	 within	 the	 Raine	 Study	 demonstrated	 nominally	 significant	 associations	

between	 five	 LEPR	 SNPs	 and	 serum	 leptin	 concentration	 (Table	 5.9).	 Three	 SNPs	 were	

associated	 with	 increased	 fasting	 leptin	 (rs12145690,	 rs1712618,	 and	 rs1158329)	 and	 two	

SNPS	were	associated	with	decreased	 fasting	 leptin	 (rs17142175	and	 rs3790432)	 in	 females.	

No	significant	associations	were	found	in	males.		
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Table	5.8.	Nominally	significant	adolescent	cardiovascular	disease	risk	factor	associations	with	

LEP	and	LEPR	polymorphisms	in	the	Raine	Study.	

	

	

	 	

SNP	rs	ID	 Risk	Factor	
Association	

β	 95%	CI	 p	
Females	
LEP	
rs117163517	
rs3828942	
rs2071045	

HOMA-IR	
HOMA-IR	

SBP	

0.059	
-0.067	
-0.014	

(0.008,	0.110)	
(-0.118,	-0.016)	
(-0.026,	-0.002)	

0.026	
0.009	
0.049	

LEPR	
rs9436737	
rs9436740	
rs9436740	
rs974068	
rs4655537	
rs17412368	
rs17412175	
rs10493380	
rs10493380	
rs11208682	

HDL	
HOMA-IR	

TG	
BMI	
TG	

HOMA-IR	
BMI	

Cholesterol	
LDL	
SBP	

-0.035	
0.212	
0.170	
0.054	
0.059	
-0.096	
-0.036	
-0.137	
-0.149	
-0.012	

(-0.057,	-0.013)	
(0.051,	0.373)	
(0.019,	0.321)	
(0.007,	0.101)	
(0.008,	0.110)	
(-0.176,	-0.016)	
(-0.071,	-0.001)	
(-0.235,	-0.039)	
(-0.272,	-0.026)	
(-0.024,	-0.000)	

0.002	
0.010	
0.027	
0.024	
0.023	
0.021	
0.049	
0.006	
0.020	
0.042	

Males	
LEP	
rs11763517	
rs3828942	
rs4731426	

Cholesterol	
Cholesterol	

HDL	

-0.215	
0.134	
-0.095	

(-0.411,	-0.019)	
(0.012,	0.256)	
(-0.152,	-0.038)	

0.032	
0.031	
0.048	

LEPR	
rs9436737	
rs17127618	
rs1892535	
rs9436740	
rs6673324	
rs4655537	
rs10493380	

BMI	
BMI	
BMI	

Cholesterol	
Cholesterol	
Cholesterol	

HDL	

0.184	
-0.035	
0.132	
0.180	
0.132	
0.137	
0.066	

(0.035,	0.333)	
(-0.068,	-0.002)	
(0.030,	0.234)	
(0.011,	0.349)	
(0.007,	0.257)	
(0.012,	0.262)	
(0.011,	0.121)	

0.016	
0.039	
0.011	
0.037	
0.044	
0.039	
0.020	

Abbreviations:	 HOMA-IR	 =	 homeostasis	 model	 assessment	 of	 insulin	
resistance;	SBP	=	systolic	blood	pressure;	HDL	=	high-density	lipoprotein;	
TG	=	triglycerides;	BMI	=	body	mass	index;	LDL	=	low-density	lipoprotein.	
P-value	 in	 bold	 remains	 significant	 after	 correction	 for	 multiple	 testing	
with	a	false	discovery	rate	of	0.05.	
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Replication	analyses	were	performed	in	two	cohorts.	The	HELENA	Study	had	genotypic	data	for	

three	(rs2071045,	rs3828942,	and	rs8171983)	of	the	28	SNPs	assessed	in	the	Raine	Study	and	

proxies	for	a	further	five	SNPs	(rs12706832	for	rs4731426,	R2=0.90;	rs2167270	for	rs11760956,	

R2=0.95;	rs10244329	for	rs11763517,	R2=1.00;	rs1137101	for	rs11208682,	R2=1.00;	rs1137100	

for	 rs12405556,	 R2=0.93).	 The	 HELENA	 cohort	 was	 younger	 than	 the	 Raine	 cohort	 at	

assessment	 (mean	 age	 14.7	 years	 vs	 17.1	 years).	 None	 of	 the	 significant	 Raine	 Study	

associations	 were	 replicated.	 Three	 further	 associations	 not	 found	 in	 the	 Raine	 Study	 were	

significant	 in	 females	 in	 HELENA	 (rs12706832/rs4731426,	 rs10244329/rs11763517,	 and	

rs3828942).	 	 Further	 replication	 analyses	were	performed	 in	 the	Helsinki	 Birth	Cohort	 Study	

(HBCS)	of	adult	subjects	with	mean	age	61.5	years.	One	Raine	Study	association	was	confirmed	

as	significant	with	rs12145690	associated	with	an	 increase	 in	 leptin	concentration	 in	 females	

(p=0.016	 in	 Raine	 and	 p=0.026	 in	 HBCS).	 Four	 further	 associations	 were	 found	 in	 females	

(rs8179183,	 rs9436737,	 rs9436301,	 and	 rs10493380)	 and	 another	 four	 in	males	 (rs4731426,	

rs8171983,	rs9436737,	and	rs11585329)	which	were	not	significant	in	the	Raine	Study.	

	

5.4.5 Life	course	associations	

SNPs	for	life	course	analyses	were	selected	using	three	approaches.	First,	using	the	assumption	

that	repeated	third	trimester	ultrasound	measures	are	required	to	identify	significant	genetic	

associations	 with	 fetal	 growth,	 SNPs	 with	 significant	 associations	 with	 fetal	 biometry	 in	 the	

Raine	study	after	adjustment	for	repeated	testing	were	selected	for	forwards	analyses	across	

the	 life	 course	 (Table	 5.10).	 Second,	 considering	 leptin	 concentrations,	 SNPs	 that	 were	

associated	with	adult	measures	from	HBCS	were	selected	for	 life	course	analyses	of	early	 life	

events	 (Table	 5.11).	 Third,	 considering	metabolic	 outcomes,	 SNPs	 nominally	 associated	with	

metabolic	outcomes	in	late	adolescence	were	selected	for	life	course	analyses	from	pregnancy	

to	the	late	adult	years	(Table	5.12).	There	were	no	consistent	patterns	of	association	between	

leptin	polymorphisms	and	life	course	biological	outcomes	in	this	study.		
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Table	5.10.	SNPs	associated	with	prenatal	growth	and	their	life	course	associations	with	

adolescent	cardiovascular	disease	risk	factors	and	serum	leptin	concentration.	

Prenatal	growth	 Adolescent	CVD	risk	factors	 Leptin	concentration	
Increased	growth	 	 	

rs970468	
rs12405556	
rs1171267	

+	BMI	(F)	 	

Decreased	growth	 	 	
rs11763517	
rs1180445	
rs6673324	
rs17127618	

rs7602	
rs1171279	

+	HOMA-IR	(F)	/	–	Chol	(M)	
	

+	Chol	(M)	
–	BMI	(M)	

+	HELENA	(F)	
	
	

+	Raine	(F)	

CVD	=	cardiovascular	disease	
+	/	–	denotes	increase	or	decrease	in	CVD	risk	factor	
M	/	F	denotes	sex	in	which	association	demonstrated	(M	=	male,	F	=	female)	
BMI	=	body	mass	index,	HOMA-IR	=	homeostasis	model	assessment	of	insulin	resistance,	Chol	
=	total	cholesterol	
Green	/	Red	text	denotes	beneficial	/	adverse	CVD	risk	factor	association	

	

	

Table	5.11.	SNPs	associated	with	adult	serum	leptin	concentration	and	their	life	course	

associations	with	adolescent	cardiovascular	disease	risk	factors	and	prenatal	growth.	

Adult	leptin	concentration	 Adolescent	CVD	risk	factors	 Prenatal	growth	
Increased	leptin	 	 	
rs12145690	(F)	
rs8179183	(F)	
rs9436737	(M)	

	
	

+	BMI	(M)	

	

Decreased	leptin	 	 	
rs9436737	(F)	
rs9436301	(F)	
rs10493380	(F)	
rs8179183	(M)	

–	HDL	(F)	
	

–	Chol	(F)	/	–	LDL	(F)	

	

CVD	=	cardiovascular	disease	
+	/	–	denotes	increase	or	decrease	in	CVD	risk	factor	
M	/	F	denotes	sex	in	which	association	demonstrated	(M	=	male,	F	=	female)	
BMI	=	body	mass	 index,	HDL	=	high	density	 lipoprotein	cholesterol,	Chol	=	total	cholesterol;	
LDL	=	low	density	lipoprotein	cholesterol	
Green	/	Red	text	denotes	beneficial	/	adverse	CVD	risk	factor	association	
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Table	5.12.	SNPs	associated	with	adolescent	cardiovascular	disease	risk	factors	and	their	life	

course	associations	with	prenatal	growth	and	adult	serum	leptin	concentration.	

Adolescent	CVD	risk	factors	 Prenatal	growth	 Adult	leptin	concentration	
Increased	risk	 	 	
rs6673324	
rs11763517	
rs9436737	
rs9436740	
rs970468	
rs4655537	
rs3828942	
rs4731426	
rs1892535	

–	HC/FL	
–	AC	
	
	

+	AC/HC/FL	

	
	

–	(F)	/	+	(M)	
	
	
	
	

+	(M)	

Decreased	risk	 	 	
rs3828942	
rs2071045	
rs17412368	
rs17412175	
rs10493380	
rs11208682	
rs11763517	
rs17127618	

	
	
	
	
	
	

–	AC	
–	FL	

	
	
	
	

–	(F)	
	
	
	

CVD	=	cardiovascular	disease	
+	/	–	denotes	increase	or	decrease	in	growth	or	leptin	concentration	
M	/	F	denotes	sex	in	which	association	demonstrated	(M	=	male,	F	=	female)	
AC	=	abdominal	circumference,	HC	=	head	circumference,	FL	=	femur	length	

	

	

5.5 DISCUSSION	

	

To	 our	 knowledge,	 this	 is	 the	 first	 study	 to	 thoroughly	 evaluate	 the	 role	 of	 leptin	 pathway	

polymorphisms	 upon	 fetal	 growth	 trajectories.	 It	 is	 also	 the	 only	 study	 to	 have	 evaluated	

simultaneously	 the	 role	 of	 these	 SNPs	 upon	 growth	 and	metabolic	 outcomes	 across	 the	 life	

course.	There	appears	 to	be	a	significant	role	 for	 the	 leptin	pathway	 in	 the	determination	of	

fetal	growth,	with	genomic	variation	within	this	pathway	influencing	fetal	growth	trajectories.	

There	may	be	a	role	of	such	variants	in	influencing	later	life	metabolic	parameters.	There	are	

variable	 influences	 of	 genomic	 variation	 upon	 serum	 leptin	 concentrations,	 suggesting	 that	

such	 variation	 influences	 fetal	 growth	 and	 metabolic	 health	 at	 least	 in	 part	 through	

mechanisms	 other	 than	 hormone	 concentrations,	 likely	 including	 cellular	 leptin	 receptor	

function.	
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This	 study	 demonstrated	 several	 associations	 between	 LEP	 and	 LEPR	 polymorphisms	 and	

prenatal	growth	as	assessed	by	serial	fetal	ultrasound.	The	pattern	of	multiple	associations	and	

consistent	 associations	 (between	 multiple	 biometric	 measures	 and	 the	 same	 SNP)	

demonstrated	in	the	Raine	Study,	which	remain	significant	after	robust	correction	for	multiple	

testing,	 suggests	 that	 these	 associations	 are	 plausible.	 	 These	 data,	 taken	 together	 with	

previously	 published	 associations	 between	 two	 SNPs	 in	 LEPR	 and	 birth	 weight	 (Souren,	

Paulussen	et	al	2008),	proxies	for	which	were	both	associated	with	fetal	growth	in	this	study,	

suggest	a	potential	role	for	genetic	variants	in	LEP	and	LEPR	in	the	regulation	of	fetal	growth.		

	

SNPs	 that	 influence	 fetal	 biometry	do	not	 appear	 to	have	 significant	 effects	 on	 fetal	 growth	

until	 the	 third	 trimester	 (Mook-Kanamori,	Marsh	 et	 al	 2011;	Marsh,	 Pennell	 et	 al	 2012).	 In	

order	 to	 demonstrate	 such	 associations,	 therefore,	 it	 is	 required	 to	 undertake	 serial	

assessments	 of	 fetal	 growth	 late	 in	 gestation.	 Such	 repeated	 assessments	 provide	 statistical	

power	to	detect	the	subtle	effect	sizes	of	single	genetic	variants	and	appear	to	be	of	greater	

relative	value	than	a	 larger	sample	size.	 In	this	way,	the	serial	third	trimester	assessments	of	

the	 smaller	 Raine	 Study	 appear	 to	 give	 greater	 capacity	 to	 detect	 fetal	 growth	 associations	

than	 the	earlier	assessments	 in	 the	 significantly	 larger	Generation	R	Study.	 Figure	5.2	 shows	

the	different	patterns	of	 fetal	 femur	growth	between	wild	 type	and	variant	allele	 carriers	of	

the	 rs1171279	 SNP	 in	 LEPR.	 It	 is	 not	 until	 after	 around	 28	weeks’	 gestation	 that	 the	 curves	

begin	 to	 significantly	 separate,	 after	 which	 time	 there	 is	 only	 one	 assessment	 in	 the	

Generation	R	Study	compared	to	three	in	the	Raine	Study.		

	

This	 finding	 has	 implications	 for	 the	 use	 of	 replication	 as	 a	 method	 of	 determining	 the	

significance	of	newly	discovered	 results	 in	genetic	association	studies.	Whilst	outwardly	very	

similar,	subtle	differences	in	the	design	of	these	two	cohort	studies	substantially	impact	upon	

the	 capacity	 to	 replicate	 the	 findings	 of	 one	 in	 the	 other.	 Further,	 it	 appears	 that	 the	

traditional	thinking	of	greater	sample	size	providing	the	power	to	detect	smaller	associations	
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may	 not	 be	 sufficient	 to	 overcome	 methodological	 shortcomings	 in	 replication	 cohorts.	

Replication	of	discovery	results	must,	therefore,	be	sought	in	appropriate	cohorts.	In	terms	of	

serial	assessments	of	third	trimester	growth,	however,	such	cohorts	are	rare,	and	it	will	likely	

be	 decades	 until	 another	 cohort	 (with	 the	 same	 pregnancy	 and	 adult	 assessments	 as	 have	

been	undertaken	in	the	Raine	Study)	 is	available	for	such	replication	analyses.	 In	the	interim,	

alternative	approaches	to	determining	the	significance	of	discovered	associations	are	required.	

The	 approach	 taken	 in	 this	 study,	 correction	 for	 multiple	 testing	 by	 false	 discovery	 rate,	 is	

methodologically	 robust	 and	 is	 an	 acceptable	 technique	 to	 apply	 in	 the	 absence	 of	 a	

satisfactory	replication	cohort.	

	

Figure	5.2.	Relationship	of	time	points	at	ultrasound	assessments	in	the	Raine	Study	and	the	

Generation	R	Study	to	longitudinal	changes	in	femur	length	by	rs1171279	genotype.	The	Raine	

Study	fetuses	were	assessed	at	five	time	points,	concentrated	in	the	third	trimester	of	

gestation.	The	Generation	R	Study	fetuses	were	assessed	at	three	time	points,	with	one	third	

trimester	assessment.	

#	Raine	Study	assessment	
points	
#	Generation	R	assessment	

	Raine	Study	Assessment	Point	
	Generation	R	Assessment	Point	
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The	relationship	between	genetic	variants	in	LEP	and	LEPR	and	DOHaD	are	complex.	Individual	

SNPs	 appear	 to	 have,	 at	most,	 small	 effects	 on	 fetal	 growth	 and	 elements	 of	 the	metabolic	

syndrome	and	there	is	a	lack	of	clear,	consistent,	and	statistically	robust	associations	between	

early	and	later	life	outcomes.	It	continues	to	be	biologically	plausible	that	genetic	variation	in	

the	leptin	pathway	underlies	some	of	the	metabolic	disease	observations	of	DOHaD;	however,	

this	 cannot	 be	 confirmed	 definitively	 by	 this	 study.	 The	 lack	 of	 significant	 associations	 with	

adolescent	 CVD	 risk	 factors	may	 represent	 the	 young	 age	 of	 the	 cohort	 at	 that	 assessment.	

CVD	is	generally	a	condition	of	late	adulthood	and,	although	changes	in	risk	factors	are	present	

for	many	years	before	the	clinical	onset	of	disease	in	most	individuals,	it	is	likely	that	the	Raine	

Study	participants	are	still	 too	young	 for	 large	enough	differences	 to	have	developed	 in	CVD	

risk	factors	between	individuals	of	wild	type	and	variant	LEP	and	LEPR	genotypes.		

	

There	were	substantial	sex	differences	in	the	patterns	of	association	between	SNPs	in	LEP	and	

LEPR	 and	measures	of	 growth,	disease	 risk,	 and	 leptin	 concentrations	across	 the	 life	 course.	

This	 repeated	 finding	 suggests	 that	 inherent	 differences	 between	males	 and	 females,	 most	

obviously	those	in	sex	hormone	milieu,	may	interact	with	genomic	leptin	pathway	variation	to	

produce	sexually	dimorphic	results.	Indeed,	sexual	dimorphism	is	a	very	common	observation	

in	DOHaD	 research,	 relating	 to	placental	 as	well	 as	 fetal	 gonadal	 and	adrenal	 sources	of	 sex	

hormones	(Gilbert	and	Nijland	2008;	Gabory,	Roseboom	et	al	2013;	Tarrade,	Panchenko	et	al	

2015),	and	this	study	provides	further	evidence	of	this	phenomenon.		

	

SNPs	 in	 LEP	 and	 LEPR	 and	 measures	 of	 growth	 and	 disease	 risk	 were	 not	 consistently	

associated	with	alterations	in	serum	leptin	concentration	at	any	point	from	early	adolescence	

to	late	adulthood.	This	suggests	alternate	mechanisms	of	action	as	responsible	for	eliciting	the	

observed	 biological	 outcomes	 in	 association	 with	 the	 genomic	 variation.	 Such	 mechanisms	

possibly	 include	 a	 change	 in	 receptor	 or	 binding	 protein	 affinity	 of	 the	 leptin	molecule	 and	

changes	 in	 the	 function,	 quantity,	 or	 splice	 variant	 of	 the	 leptin	 receptor.	 This	 is	 in	 keeping	
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with	 a	 large	 proportion	 of	 the	 SNPs	 being	 in	 the	 region	 of	 the	 gene	 encoding	 the	 leptin	

receptor,	rather	than	the	hormone	itself.	

	

The	 strength	of	 this	 study	 is	 its	 ability	 to	 detect	 SNP	 associations	with	 fetal	 growth	of	 small	

magnitude	 due	 to	 the	 enhanced	 statistical	 power	 offered	 by	 longitudinal	 modelling	 and	

repeated	third	trimester	biometric	assessments.	Using	LEP	and	LEPR	as	candidate	genes,	 this	

study	provides	proof	of	principle	for	the	further	study	of	the	genomic	associations	with	altered	

fetal	 growth	 trajectories	 in	 the	 search	 for	 mechanistic	 contributors	 to	 observed	 DOHaD	

phenomena.	It	 is	now	clear	that	the	subtle	contributions	of	individual	SNPs	to	the	genetically	

complex	trait	that	is	fetal	growth	can	be	reliably	demonstrated	with	appropriate	study	design	

and	statistical	methodology.	

	

This	 study,	however,	 also	has	 several	 important	 limitations	which	 inform	 future	work	 in	 this	

area.	Firstly,	the	lack	of	replication	of	the	findings	of	the	Raine	Study	in	the	Generation	R	Study	

may	appear	 to	 limit	 the	robustness	of	 the	 fetal	growth	associations.	Replication	of	discovery	

findings	 within	 a	 second	 cohort	 is	 the	 current	 gold	 standard	 for	 confirmation	 of	 the	

significance	 of	 genetic	 associations;	 however,	 no	 appropriate	 replication	 cohort	 for	

longitudinal	 fetal	 growth	 modelling	 exists,	 despite	 there	 being	 a	 few	 superficially	 suitable	

candidates.	A	benefit	of	this,	however,	has	been	the	application	of	other	statistical	methods	to	

correct	 for	multiple	 testing	 in	 this	 genetic	 association	 study	 which	 will	 be	 of	 further	 use	 in	

similar	work.	

	

The	lack	of	associations	between	LEP	and	LEPR	SNPs	and	biometric	measures	at	birth	is	likely	

to	 reflect	 the	 lack	 of	 power	 of	 both	 cohorts	 to	 detect	 small	 effects	 on	 growth	 with	 cross-

sectional	 measures	 of	 fetal	 growth.	 An	 effect	 size	 of	 greater	 than	 50g	 per	 allele	 would	 be	

required	 for	 80%	 power	 to	 detect	 an	 association	with	 even	 the	most	 common	 of	 the	 SNPs	

assessed,	 a	 larger	 effect	 size	 than	 is	 reported	 in	 association	 with	 most	 single	 SNPs.	 For	
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example,	the	two	SNPs	reported	in	the	first	genome-wide	association	study	of	birth	weight	had	

effects	of	only	30-40g	per	allele	among	a	 sample	of	over	38,000	 individuals	 (Freathy,	Mook-

Kanamori	et	al	2010).	

	

Secondly,	despite	a	large	number	of	nominally	significant	associations	between	LEP	and	LEPR	

variants,	only	one	of	these	remained	significant	after	correction	for	multiple	testing.	This	may	

reflect	 the	 relatively	young	age	of	 the	Raine	Study	cohort	currently,	and	 it	may	be	 that	such	

associations	may	not	be	robustly	detectable	until	the	cohort	ages	and	begins	to	develop	more	

profound	alterations	in	CVD	risk	factors.	The	cohort	is	also	relatively	small,	limiting	the	power	

to	detect	relatively	minor	variations	in	metabolic	parameters,	in	particular	with	SNPs	of	lower	

minor	allele	frequency	(Table	5.13)	(Gauderman	and	Morrison	2007).	For	example,	nine	of	the	

28	 assessed	 SNPs	 have	 minor	 allele	 frequency	 near	 0.2	 and	 have	 only	 approximately	 50%	

power	 to	 demonstrate	 nominally	 significant	 associations	 of	magnitude	 around	 0.1	 standard	

deviations,	as	are	commonly	demonstrated	by	the	 leading	signals	 in	very	 large	genome-wide	

association	studies	(Freathy,	Mook-Kanamori	et	al	2010).	Even	the	SNPs	of	greater	minor	allele	

frequency	 were	 poorly	 powered	 to	 demonstrate	 the	 more	 conservative	 0.05	 standard	

deviations	expected	of	single	variants.		

	

Thirdly,	there	was	a	lack	of	replication	of	the	leptin	concentration	associations	identified	in	the	

Raine	Study.	The	presence	of	one	replicated	result	(rs12145690	in	the	Raine	Study	and	HBCS)	

and	 the	 large	 number	 of	 nominally	 significant	 but	 non-replicated	 results	 suggest	 that	 there	

likely	 is	 some	 role	 for	 LEP	 and	 LEPR	 SNPs	 in	 variation	 of	 leptin	 concentration.	 From	 a	

physiological	 point	 of	 view	 this	 is	 cogent,	 with	 the	 functional	 prediction	 of	 several	 of	 the	

studied	polymorphic	loci	 involving	potential	for	altered	transcription	factor	binding	and	other	

mechanisms	of	regulation	of	gene	expression.	Alterations	to	the	expression	of	 leptin	and	the	

leptin	receptor	should	clearly	influence	serum	leptin	concentration.	The	lack	of	consistency	of	

associations	between	the	Raine	Study	and	HELENA	may,	again,	reflect	poor	statistical	power		
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Table	5.13.	Power	to	detect	various	associations	of	LEP	and	LEPR	variants	with	

fasting	serum	total	cholesterol	of	various	effect	sizes	according	to	the	minor	allele	

frequency	of	the	single	nucleotide	polymorphism.	Assumes	median	total	

cholesterol	4.1mmol/L,	standard	deviation	0.8mmol/L,	n=1160,	α=0.05.	Effect	size	

expressed	as	per-allele	regression	coefficient	of	additively	inherited	SNP	in	

multivariate	model	(beta)	and	number	of	standard	deviations	(SD).	

Minor	allele	
frequency	

Effect	size	
Power	

Beta	(mmol/L)	 SD	

0.1	

0.04	
0.08	
0.12	
0.16	

0.05	
0.10	
0.15	
0.20	

0.11	
0.30	
0.58	
0.83	

0.2	

0.04	
0.08	
0.12	
0.16	

0.05	
0.10	
0.15	
0.20	

0.16	
0.49	
0.83	
0.97	

0.3	

0.04	
0.08	
0.12	
0.16	

0.05	
0.10	
0.15	
0.20	

0.20	
0.60	
0.91	
0.99	

0.4	

0.04	
0.08	
0.12	
0.16	

0.05	
0.10	
0.15	
0.20	

0.22	
0.66	
0.94	
0.99	

	

	

due	 to	 small	 sample	 size.	 These	 two	 studies	 included	 adolescents	 at	 similar	 ages.	 Pubertal	

development	has	a	significant	effect	on	the	leptin	pathway:	correction	for	Tanner	stage	in	the	

HELENA	 study	did	not	 change	 the	 results	 substantially,	 but	did	 reduce	power	 further	due	 to	

missing	puberty	data	on	a	large	proportion	of	the	cohort.	Correcting	for	pubertal	stage	is	less	

relevant	 in	the	Raine	Study	due	to	the	older	age	at	assessment	and	this	 is	unlikely	to	explain	

the	lack	of	replication.	

	

Fourthly,	 despite	 providing	 strong	 evidence	 for	 LEP	 and	 LEPR	 SNP	 associations	 with	 fetal	

growth	trajectories	and	weaker	evidence	across	the	life	course	for	associations	with	metabolic	

parameters	and	serum	leptin	concentrations,	this	study	does	not	provide	convincing	evidence	

for	any	single	leptin	variant	conferring	a	clear	DOHaD	risk.	The	leptin	pathway	remains	a	strong	
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candidate	 for	 a	 role	 in	 DOHaD	 phenomena,	 but	 the	 results	 of	 this	 work	 are	 unable	 to	

conclusively	demonstrate	this,	likely	due	to	the	methodological	constraints	discussed	above.		
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5.6 SUMMARY	

	

This	 study	 provides	 evidence	 for	 a	 potential	 role	 of	 genomic	 polymorphism	 in	 the	 leptin	

pathway	 in	 the	 regulation	 of	 fetal	 growth.	 It	 also	 suggests	 that	 such	 genetic	 variation	 may	

contribute	 to	 differences	 between	 individual	 serum	 leptin	 concentrations.	 The	 evidence	 to	

support	 the	 leptin	 pathway	 as	 a	 contributor	 to	 cardiovascular	 disease	 risk	 factors	 in	

adolescence	 is	 limited	by	 the	small	 sample	size	and	relatively	small	effect	 sizes	 in	 this	young	

cohort:	 further	 research	 in	 significantly	 larger	 cohorts	 is	 required	 to	 better	 define	 this.	 Sex	

differences	 in	 genetic	 associations	 were	 substantial,	 providing	 evidence	 that	 environmental	

factors	have	the	capacity	to	modulate	the	phenotypic	expression	of	the	same	genotype	across	

individuals.		

	

Important	 issues	 for	 the	 further	 genetic	 association	 studies	 of	 this	 thesis	 are	 highlighted.	 In	

particular,	 the	 difficulty	 of	 attempting	 replication	 analyses	 in	 cohorts	 which	 are	 outwardly	

similar	but	ultimately	discordant	in	subtle	yet	highly	relevant	methodologies	became	apparent.	

In	 addition,	 the	 challenge	 of	 identifying	 metabolic	 associations	 in	 a	 young	 cohort	 with	

relatively	small	phenotype	differences	between	genotypes	was	clear.	

	

This	 work,	 in	 demonstrating	 a	 role	 for	 leptin	 in	 fetal	 growth,	 combined	with	 previous	work	

demonstrating	its	importance	to	adult	metabolic	health,	provides	some	insight	into	a	potential	

contribution	of	genomic	variation	to	DOHaD.	Further	work	is	required	to	clarify	this	role,	both	

for	 leptin	 and	 for	 other	 candidate	 pathways.	 Chapters	 6	 and	 7	 of	 this	 thesis	 build	 upon	 the	

principles	demonstrated	 in	this	chapter	 in	 investigating	 life	course	associations	with	genomic	

variants	 representing	 candidates	 for	 a	 role	 in	 the	 developmental	 origins	 of	 the	 metabolic	

syndrome.	
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6.1 OVERVIEW	

	

Despite	 the	 well-established	 links	 between	 abnormal	 fetal	 growth	 and	 subsequent	 adult	

metabolic	 syndrome	 risk,	 the	 work	 presented	 in	 Chapter	 4	 demonstrates	 that	 measures	 of	

abnormal	 fetal	 growth	 are	 poorly	 able	 to	 identify	 those	 individuals	 at	 increased	 risk.	 I	

hypothesise	 that	genomic	markers	of	disease	susceptibility	may	better	 identify	 individuals	at	

high	risk	of	adult	metabolic	disease.	The	work	presented	in	Chapter	5	provides	some	proof	of	

this	 principle,	 with	 genomic	 variants	 within	 a	 candidate	 pathway	 being	 associated	 with	

alterations	to	fetal	growth	in	addition	to	previous	studies	suggesting	a	role	in	adult	metabolic	

disease.	

	

Building	 upon	 this	 principle,	 further	work	 in	 this	 thesis	will	 examine	 those	 genomic	 variants	

known	 to	 be	 associated	with	 adult	metabolic	 disease	 phenotypes	 and	 their	 relationships	 to	

fetal	 growth	 and	 adult	 metabolic	 phenotypes	 in	 the	 Raine	 Study.	 Specifically,	 variants	 with	

associations	with	type	2	diabetes,	obesity,	and	non-alcoholic	fatty	liver	disease	phenotypes	will	

be	sought	as	these	are	well	characterised	within	the	Raine	Study	participants.		

	

6.1.1 Aim	

The	work	presented	in	this	chapter	aims	to	identify	those	genomic	variants	previously	reported	

in	the	published	literature	to	be	associated	with:	

a. Obesity	phenotypes,	 including	body	mass	index,	waist	and	hip	circumferences,	waist-

hip	 ratio,	 weight,	 weight	 gain,	 and	 body	 fat	 distribution	 as	 assessed	 by	 skinfold	

thickness,	dual	energy	x-ray	absorptiometry,	or	computed	tomography;	

b. Glucose	 homeostasis	 phenotypes,	 including	 fasting	 glucose,	 fasting	 insulin,	 type	 2	

diabetes,	homeostasis	model	assessments	of	 insulin	resistance	and	beta-cell	 function	

(HOMA-IR	 and	 HOMA-B),	 haemoglobin	 A1c,	 and	 oral	 glucose	 tolerance	 test	 results;	

and	
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c. Non-alcoholic	fatty	liver	disease	(NAFLD)	phenotypes,	including	NAFLD,	non-alcoholic	

steatosis,	and	NAFLD	severity.	
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6.2 INTRODUCTION	

	

The	Human	Genome	Project	paved	the	way	to	genetic	association	studies	investigating	the	role	

of	 genomic	 variation	 in	 disease	 phenotypes	 by	 sequencing	 the	 entire	 genome	 of	 one	

individual.	 Projects	 to	 identify	 the	 variation	 within	 the	 genome	 that	 explain	 phenotypic	

variation	such	as	the	HapMap	Project	(International	HapMap	Consortium	2003)	and	the	1000	

Genomes	 Project	 (The	 1000	 Genomes	 Project	 Consortium,	 Abecasis	 et	 al	 2010)	 identified	

around	 11	 million	 single	 nucleotide	 polymorphisms	 (SNPs).	 These	 loci	 of	 single	 base	 pair	

variations	 “tag”	 regions	 of	 DNA	 and	 the	 phenomenon	 of	 linkage	 disequilibrium	 allows	 the	

sequence	of	these	regions	to	be	inferred	or	“imputed”.		

	

In	 the	 context	 of	 this	 thesis,	 genomic	 associations	 with	 the	 metabolic	 syndrome	 are	

investigated	 with	 two	 aims	 in	 mind.	 Firstly,	 these	 variants	 are	 assessed	 in	 regard	 to	 their	

influence	 both	 upon	 adolescent	 metabolic	 phenotypes	 and	 fetal	 growth	 trajectories;	 to	

investigate	to	what	extent	genomic	variation	may	contribute	to	the	underlying	mechanism	of	

DOHaD	 (Chapters	 5,	 8,	 and	 9).	 This	 is	 also	 able	 to	 provide	 insight	 into	 the	 molecular	

mechanisms	 underlying	 DOHaD	 (Chapter	 8).	 Secondly,	 these	 variants	 are	 assessed	 in	 a	

predictive	model	 to	 stratify	 individuals	 according	 to	metabolic	 disease	 risk	 so	 as	 to	 identify	

potential	targets	for	early	life	preventive	interventions	(Chapter	9).	

	

6.2.1 Candidate	gene	studies	

In	 genetic	 association	 studies,	 statistical	 associations	 are	 sought	 between	 specific	 genomic	

variants	and	phenotypic	traits.	Such	studies	may	assess	candidate	genes,	whereby	genes	with	

obvious	 biological	 relationships	 to	 phenotypes	 are	 assessed;	 for	 example,	 a	 candidate	 gene	

association	 study	 of	 T2DM	 might	 assess	 the	 relationship	 between	 variants	 in	 the	 insulin	

receptor	(INSR)	gene	as	a	clear	player	in	glucose	homeostasis.	
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6.2.2 Genome-wide	association	studies	

	More	 recently,	 with	 technological	 advances	 such	 as	 polymerase	 chain	 reaction	 DNA	

amplification,	ultrahigh-throughput	genotyping,	 and	 supporting	bioinformatics,	 genome-wide	

association	studies	 (GWAS)	have	been	undertaken	(Ohnishi,	Tanaka	et	al	2001).	Such	studies	

involve	 analysis	 of	 associations	 between	 a	 phenotype	 of	 interest	 and	 differing	 allele	

frequencies	for	SNPs	between	 individuals	of	different	phenotypes.	These	studies	assess	 large	

numbers	of	SNPs,	now	typically	in	excess	of	two	million,	each	representative	of	a	small	region	

of	genomic	DNA	but	collectively	representative	of	the	entire	genome.	GWAS	has	the	capacity	

to	 identify	genes	and	non-genic	regions	of	DNA	of	 importance	to	phenotypic	expression	that	

would	not	have	been	suspected	with	the	previous	molecular	understanding	of	the	phenotype.		

	

The	 first	 GWAS	 examined	 100,000	 SNP	 associations	 with	 age-related	 macular	 degeneration	

(AMD),	 identifying	 variation	 within	 the	 complement	 factor	 H	 gene	 region	 as	 a	 potential	

contributor	 to	 the	 pathogenesis	 of	 this	 disease	 (Klein,	 Zeiss	 et	 al	 2005).	 This	 gene	 is	 a	

biologically	 plausible	 factor	 given	 its	 role	 in	 the	 regulation	 of	 inflammation	 and	 the	

inflammatory	 nature	 of	 AMD.	 In	 this	 way,	 this	 pioneering	 study	 demonstrated	 the	 great	

potential	 of	 GWAS	 to	 provide	 novel	 insights	 into	 the	 genetic	 and,	 therefore,	 molecular	

mechanisms	of	genetically	complex	diseases,	with	promise	of	future	therapeutic	interventions	

arising	from	this	enhanced	knowledge	(Daiger	2005).	

	

Since	that	time,	there	have	been	significant	advances	in	the	methods	of	GWAS.	Such	advances	

include	 expansion	 of	 the	 number	 of	 variants	 genotyped	 and	 included	 in	 analyses	 and	 the	

development	 of	 genotype	 imputation	 algorithms	 to	 effectively	 triple	 the	 number	 of	 SNPs	

assessable.	These	methods	 improve	the	resolution	of	GWAS,	allowing	smaller	sections	of	the	

genome	 to	 be	 identified	 to	 more	 accurately	 determine	 the	 causal	 variant	 underlying	 a	

statistical	 association.	 Another	 significant	 benefit	 to	 GWAS	 was	 the	 formation	 of	 large	

international	 collaborative	 studies	 allowing	 the	 statistical	 power	 to	 separate	 true	 genetic	
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associations	of	relatively	subtle	effect	size	thanks	to	sample	sizes	close	to	100,000	individuals	

in	many	consortia.	

	

The	 sheer	 volume	 of	 data	 generated	 by	 GWAS	 required	 novel	 statistical	 and	 bioinformatic	

approaches	 to	 deal	 with	 such	 computationally	 demanding	 analyses	 (Ohashi	 and	 Tokunaga	

2001).	 Such	 developments	 now	 include	 meta-GWAS,	 the	 meta-analysis	 of	 multiple	 related	

GWAS	results	to	further	increase	statistical	power	and	to	provide	statistical	replication	of	the	

results	of	discovery	phase	analyses.	 This	progression	has	made	GWAS	now	methodologically	

relatively	straightforward	and	less	expensive,	stimulating	a	large	number	of	such	projects	to	be	

completed	 (McCarthy	 and	 Hirschhorn	 2008).	 To	 date,	 over	 1,900	 studies	 have	 reported	

significant	 associations	 between	 over	 13,200	 SNPs	 and	 over	 1,000	 phenotypes	 (Hindorff,	

MacArthur	 et	 al	 2014,	 Figure	 6.1).	 Metabolic	 and	 cardiovascular	 disease	 phenotypes	 are	

popular	 targets	 for	 these	 studies,	 given	 their	 high	 prevalence,	 ease	 and	 accuracy	 of	

phenotyping,	 and	 substantial	 population	 importance,	 and	 over	 300	 of	 these	 studies	 have	

assessed	such	traits.	

	

GWAS	has	proven	successful	in	contributing	to	the	knowledge	of	the	genetic	basis	of	complex	

traits,	 providing	 detailed	 insight	 into	 the	 role	 of	 common	 variants	 to	 polygenic	 phenotypes	

(Stranger,	 Stahl	 et	 al	 2011).	 Biological	 follow	 on	 studies	 have	 revealed	 novel	 information	

regarding	genomic	function,	in	particular	the	role	of	non-coding	DNA	in	gene	expression.	The	

genetic	 contribution	 to	 some	 phenotypes	 has	 been	 better	 described	 than	 for	 others:	

contributors	 to	 psychiatric	 disorders	 are	 poorly	 described	 with	 few	 significant	 variants	

identified,	whereas	those	to	inflammatory	bowel	disease	are	well	characterised	with	over	100	

risk	variants	demonstrated.	It	is	likely	that	phenotypic	heterogeneity	is	the	reason	for	this,	with	

psychiatric	disease	more	difficult	 to	 consistently	describe	and	 segregate	 into	distinct	disease	

entities	 with	 consistent	 pathophysiology	 compared	 with	 directly	 quantifiable	 traits	 such	 as	

height.	 For	 quantitative	 traits	 such	 as	 stature,	 significantly	 associated	 SNPs	 from	 GWAS	
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account	 for	 up	 to	 20%	 of	 genetic	 variation	 (Visscher,	 Brown	 et	 al	 2012).	 These	 genetic	

contributions	were	essentially	all	unknown	prior	to	the	advent	of	GWAS.	Small	effect	sizes	of	

individual	variants	 limit	the	statistical	power	to	differentiate	significant	associations	from	the	

background	noise	of	false	discoveries.	Hence,	many	variants	with	small	but	true	contributions	

to	 phenotypes	 remain	 undiscovered	 and	 analyses	 suggest	 that	 up	 to	 45%	 of	 traits	 such	 as	

height	may	be	eventually	explainable	by	common	SNPs	(Yang,	Manolio	et	al	2011).	

	

GWAS	discoveries	have	 revealed	new	biological	 understanding	of	 some	disease	processes:	 a	

substantial	advancement	of	 scientific	knowledge	with	 the	potential	 to	one	day	be	 translated	

into	clinical	treatments.	For	example,	the	KLF14	gene,	identified	through	GWAS	as	associated	

with	 T2DM	 (Voight,	 Scott	 et	 al	 2010)	 and	 HDL-cholesterol	 level	 (Teslovich,	 Musunuru	 et	 al	

2010),	 is	 now	 known	 to	 act	 as	 a	master	 trans-regulator	 of	 adipose	 gene	 expression	 (Small,	

Hedman	et	al	2011).	Although	the	vast	minority	of	GWAS-identified	variants	have	so	far	proven	

this	 fruitful,	 this	 discovery	 demonstrates	 the	 capacity	 of	 GWAS	 to	 significantly	 inform	

physiology.	This	is	not	without	potential	complexity	however.	For	example,	the	FTO	locus	that	

most	 strongly	 associates	 with	 adiposity	 (rs9939609)	 has	 proven	 elusive	 to	 explanations	 of	

functionality	for	many	years.	Only	recently	has	it	been	linked	to	the	expression	of	the	relatively	

distant	IRX3	gene.	Data	suggest	that	IRX3	gene	expression	may	be	the	causal	variant	tagged	by	

this	SNP	(Smemo,	Tena	et	al	2014).	

	

GWAS	 has	 required	 substantial	 investment,	 with	 critics	 questioning	 the	 return	 on	 this	

investment.	It	should	be	kept	in	mind,	however,	that	at	a	cost	of	around	$250	million	between	

2005	 and	 2010,	 that	 there	 were	 substantially	more	 discoveries	 of	 biological	 relevance	 than	

those	from	a	similar	investment	in	candidate	gene	and	linkage	studies	from	the	preceding	era.	

In	 the	 context	 of	 the	 enormous	worldwide	 economic	 burden	 of	 the	 diseases	 being	 studied,	

such	as	metabolic	disease,	and	therefore	the	potential	future	savings,	the	previous	investment	
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and	continued	investment	in	GWAS	and	related	methodologies	appears	worthwhile	(Visscher,	

Brown	et	al	2012).	
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6.2.3 Identifying	genetic	associations	with	metabolic	phenotypes	

The	 work	 presented	 in	 this	 thesis	 focuses	 on	 three	 metabolic	 phenotypes	 that	 are	 well	

characterised	in	the	Western	Australian	Pregnancy	Cohort	(Raine)	Study	(presented	in	detail	in	

Chapters	1	and	2).	These	phenotypes	 include	obesity,	hyperglycaemia	and	 insulin	 resistance,	

and	non-alcoholic	fatty	liver	disease	(NAFLD).	An	extensive	literature	search	was	undertaken	to	

identify	 linkage	 disequilibrium-independent	 SNPs	 with	 robust	 associations	 with	 these	

phenotypes.		

	

6.2.3.1 Literature	candidate	gene	association	studies	

Review	 of	 the	 literature	 reveals	 numerous	 candidate	 gene	 studies	 investigating	 genetic	

associations	with	obesity	 (Table	 6.1),	 glucose	homeostasis	 and	 insulin	 resistance	 (Table	 6.2),	

and	NAFLD	 (Table	 6.3).	 The	 genes	 identified	with	 significant	 associations	with	 the	metabolic	

phenotypes	of	interest	to	this	research	are	summarised	in	Table	6.4.	

	

A	Medline	 search	 was	 performed	 with	 the	 terms	 “polymorphism”	 or	 “SNP”	 AND	 “obesity”,	

“body	mass	 index”,	 “insulin”,	 “insulin	 resistance”,	 “diabetes”,	 “glucose”,	 “non-alcoholic	 fatty	

liver	disease”,	“fatty	 liver”,	“hepatic	steatosis”,	“NAFLD”,	“NASH”,	and	“metabolic	syndrome”	

in	 various	 combinations.	 Results	 of	 individual	 papers	 were	 reviewed	 to	 locate	 reports	 of	

significant	associations	with	any	of	 the	phenotypes	of	 interest.	Associations	were	considered	

significant	 for	p-values	 less	 than	0.05.	Genes	were	 included	even	 if	 statistical	methods	were	

less	 than	 rigorous,	 including	 studies	 that	 did	 not	 report	 attempts	 at	 correction	 for	multiple	

testing.	This	was	done	to	avoid	the	exclusion	of	genes	with	potentially	significant	impacts	upon	

phenotypic	outcomes.	

	

6.2.3.2 Genome-wide	association	studies	

The	National	Human	Genome	Research	Institute	of	the	US	National	Institutes	of	Health	publish	

a	 catalogue	 of	 genome	 wide	 association	 studies	 (Hindorff,	 Junkins	 et	 al	 Accessed	 October,	
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2010).	 A	 search	 of	 this	 catalogue	 identified	 16	 GWAS	 articles	 assessing	 obesity-related	

phenotypes	(Table	6.5),	29	studies	of	T2DM	or	insulin	resistance-related	outcomes	(Table	6.6),	

and	two	studies	of	NAFLD	(Table	6.7)	of	relevance	to	this	project.	In	addition,	a	Medline	search	

of	the	terms	“genome-wide	association	study”	or	“GWAS”	AND	“obesity”,	“body	mass	index”,	

“insulin”,	“insulin	resistance”,	“diabetes”,	“glucose”,	“non-alcoholic	fatty	 liver	disease”,	“fatty	

liver”,	 “hepatic	 steatosis”,	 “NAFLD”,	 “NASH”,	 and	 “metabolic	 syndrome”	 in	 various	

combinations	identified	three	further	studies	relevant	to	obesity	(Table	6.5)	and	one	relevant	

to	 T2DM	 (Table	 6.6).	 The	 genes	 of	 interest	 to	 this	 research	 identified	 by	 GWAS	 studies	 are	

summarised	in	Table	6.4.		
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Table	6.4.	Genes	associated	with	phenotypes	of	interest	
	

Raine	Study	HPA-axis	candidate	genes	
ACE2	

ADIPOQ	
AVP	
CRH	

CRHR1	
CRHR2	
CYP11A1	
CYP17A1	
CYP21A2	
G6PC	

	

GHRL	
GNRHR	
HSD11B1	
HSD3B2	
IGF1	
IGF1R	
IGF2	
IGF2R	
IGFBP1	
IGFBP2	

	

IGFBP3	
IGFBP4	
IGFBP5	
IRS1	
IRS2	
KISS1	
KISS1R	
LEP	
LEPR	
MC2R	
NR3C1	

NR3C2	
NR5A1	
OXT	
PCK2	
PCSK1	
PCSK2	
POMC	
PPARA	
PPARD	
PPARG	

PPARGC1A	
PYY	
PYY3	

SERPINA6	
SLC2A1	
SLC2A2	
SLC2A3	
SLC2A4	
SLC6A4	
UCN	

Literature	candidate	genes	–	obesity	
ADAM17	
BMPR1A	
CART	
CD36	
CDK4	

	

CLOCK	
COMT	
ESR1	
FASN	
GAD2	

	

GCK	
GCKR	
GNB3	
IL1B	
IL6	
LIPE	

MC4R	
MCP1	
MKKS	
OPRM1	
PCSK1	

	

PPARG	
PTPN1	
SIRT1	
SOX6	
TRIB3	

Literature	candidate	genes	–	glucose	homeostasis	
5HT2C	
ADAM17	
ADIPOQ	

	

CLOCK	
COMT	
ENPP1	
FABP6	

GCK	
GCKR	
IPF1	
LPL	

MC4R	
OSBPL11	
PTPN1	
TCF1	

TCF2	
TCF7L2	
TRIB3	

Literature	candidate	genes	–	NAFLD	
ADIPOQ	
AGTR1	
CLOCK	
ENPP1	

GCLC	
HP	
IRS1	
LEPR	

MTHFR	
MRP2	
PEMT	
PNPLA3	

PPARA	
PPARGC1A	

PXR	
STAT3	

TCF7L2	
TNFA	
TRAIL	

UGT1A1	
GWAS	identified	genes	–	obesity	

AIF1	
ATP2A1	
BCDIN3D	
BDNF	
BMP2	

C12orf51	
C20orf133	
CDH12	
CDKAL	
CDKN2B	

	

CHST8	
DGKG	
ETV5	
FAIM2	
FBN2	

FLJ20309	
FTO	

GDAP1	
GNPDA1	
ITPR3	
KCNJ11	

KCTD15	
LOC729076	
LYPLAL1	
MAF	
MC4R	

MDGAT1	
MLN	
MSRA	
MTHC2	
MUC15	
NCR3	

NEGR1	
NPC1	
NRNX3	
OVCH2	
PKHD1	
PRF1	
PTER	

RAFTLIN	
RARB	
RASAL2	
RKHD3	

SEC16B	
SFRS10	
SH2B1	
SLC30A8	
STK33	
TCF7L2	
TFAP2B	
TMEM18	
TRAM1L1	
ZNF248	

GWAS	identified	genes	–	glucose	homeostasis	
ABCB11	
ADAM30	
ADAMTS9	
ADCY5	
ADRA2A	
CAMK1D	
C2CD4B	
CDC123	
CDKAL1	
CDKN2A	
CDKN2B	

CETN3	
CPVL	
CRY2	
DCD	
DGKB	
FADS1	
FOXA2	
FTO	

G6PC2	
GCK	
GCKR	

	

GIPR	
GLIS3	
HHEX	
HK1	
IGF1	

IGF2BP2	
IRS1	
JAZF1	
KCNJ11	
KCNQ1	
LGR5	

	

LOC64673	
LOC72901	
MADD	
MTNR1B	
NOTCH2	
PANK1	
PPARG	
PPP2R2C	
PRDM5	
PROX1	
RBMS1	
SLC2A2	

SLC30A8	
SYN2	
TCF7L2	
THADA	
TMEFF2	
TMEM195	
TSPAN8	
VEGFA	
VPS13C	
WFS1	
ZMAT4	
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6.3 SUMMARY	

	

Much	 work	 over	 recent	 years	 has	 focussed	 on	 determining	 the	 genomic	 contributors	 to	

genetically	complex	disease	traits	through	both	candidate	gene	and	genome	wide	association	

studies.	Review	of	this	extensive	literature	has	identified	many	genetic	variants	of	relevance	to	

the	research	presented	in	this	thesis.		Having	identified	a	number	of	these	variants,	I	will	go	on	

to	assess	which	of	these	phenotypic	associations	can	be	replicated	in	the	Raine	Study	and	the	

relationships	 between	 these	 SNPs	 of	 metabolic	 disease	 relevance	 and	 alterations	 to	 fetal	

growth.	Ultimately,	 I	will	 assess	 the	 capacity	of	 combinations	of	 these	 SNPs	 to	predict	 adult	

metabolic	syndrome	risk	and	the	feasibility	of	a	genomic	risk	score	approach	to	identification	

of	individuals	at	high	risk.	
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7.1 OVERVIEW	

	

Targeting	early	life	primary	prevention	measures	to	reduce	the	risk	of	adult	metabolic	disease	

requires	the	ability	to	identify	individuals	at	high	risk	and	therefore	the	most	likely	to	benefit.	

In	Chapter	3,	I	demonstrated	that	assessing	early	life	growth	patterns,	aiming	to	identify	those	

individuals	 for	whom	an	adverse	 intrauterine	environment	 resulting	 in	deficient	or	excessive	

fetal	growth,	was	poorly	able	to	predict	later	disease	risk	at	an	individual	level.	An	alternative	

approach	is	therefore	required.	

	

In	Chapter	4,	using	the	leptin	pathway	as	proof	of	principal	due	to	its	known	roles	in	suspected	

roles	in	early	life	growth	and	adult	metabolic	pathophysiology,	I	showed	that	common	genetic	

variants	are	likely	to	contribute	to	some	of	the	observed	associations	between	early	and	later	

life	pathophysiology	underlying	the	developmental	origins	of	health	and	disease.	If	other	adult	

disease	risk	variants	are	similarly	associated	with	early	life	physiology,	then	it	may	be	valid	to	

use	genetic	variants	known	to	contribute	to	adult	metabolic	disease	to	identify	individuals	who	

might	benefit	from	early	life	primary	prevention	interventions.	

	

In	this	chapter,	I	present	the	analysis	of	the	associations	between	adult	metabolic	disease	risk	

variants	and	fetal	growth.	Previous	authors	have	concentrated	on	either	the	maternal	or	fetal	

genotype	in	assessing	the	genetic	contributors	to	fetal	growth;	however,	this	is	not	consistent	

with	the	biology	suggesting	that	both	maternal	and	fetal	genotypes	are	of	relevance	and	likely	

interact.	I	have	utilised	novel	analytical	methodology	to	simultaneously	consider	the	impact	of	

maternal	 and	 fetal	 genotype	 on	 fetal	 growth,	 with	 the	 hypothesis	 that	 this	 more	 complex	

methodology	 would	 give	 added	 power	 to	 reveal	 the	 subtle	 variations	 in	 the	 complex	

phenotype	that	is	fetal	growth	associated	with	single	genetic	variants.	
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7.1.1 Aim	

The	aim	of	this	study	was	to	assess	the	associations	of	maternal	and	fetal	genotypes	of	genetic	

variants	known	to	alter	adult	metabolic	disease	risk,	in	various	combinations,	with	alterations	

in	fetal	growth.	This	would	allow	me	to	determine	to	what	extent	these	variants	have	roles	in	

both	the	early-life	and	later-life	pathophysiology	of	the	developmental	origins	of	the	metabolic	

syndrome	 and	 could	 therefore	 be	 applied	 in	 the	 identification	 of	 candidates	 for	 early-life	

primary	prevention	interventions.	

	

7.1.2 Hypothesis	

I	 hypothesised	 that	 genomic	 variants	would	be	associated	with	altered	 fetal	 growth	variably	

depending	 on	whether	 they	were	 carried	 by	 the	mother,	 by	 the	 fetus,	 or	 by	 both,	 and	 that	

assessing	 the	 maternal	 and	 fetal	 genotypes	 in	 varying	 combinations	 would	 allow	 a	 greater	

number	 of	 significant	 associations	 to	 be	 demonstrated	 than	 by	 assessing	 either	 genotype	 in	

isolation.	 	
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7.2 INTRODUCTION	

	

The	 fetal	 genotype	 and	 the	 intrauterine	 environment	 influence	 fetal	 growth;	 genotype	

determines	between	30	and	80%	of	fetal	growth	(Johnston,	Clark	et	al	2002;	Dunger,	Petry	et	

al	2007)	with	the	remainder	representing	the	influence	of	the	environment	in	which	the	fetus	

grows.	 The	 maternal	 genotype	 is	 also	 of	 importance,	 directly	 influencing	 fetal	 growth	 by	

contributing	 50%	 to	 the	 fetal	 genotype,	 and	 indirectly	 acting	 by	 modifying	 the	 intrauterine	

environment	 (Dunger,	Petry	et	al	2007;	Rice	and	Thapar	2010;	Kuzawa	and	Eisenberg	2012).	

There	is	evolutionary	conflict	in	the	genetics	of	fetal	growth,	with	the	paternal	interest	served	

by	 a	 large	 and	 robust	 infant	 offset	 by	 the	maternal	 interest	 of	 constraining	 fetal	 growth	 to	

allow	safe	delivery	(Ounsted,	Scott	et	al	2008;	Vasak,	Koenen	et	al	2015).	

	

It	 is	 not	 possible	 to	 be	 certain	 when	 assessing	 the	 association	 between	 fetal	 growth	 and	

genetic	 variants	 in	 one	 genome	 (either	 the	 fetus	 or	 the	 mother),	 whether	 any	 significant	

associations	represent	the	influence	of	the	genome	being	assessed	or	if	they	are	a	surrogate	of	

the	 other	 genome.	 An	 apparent	 association	 between	 a	 fetal	 variant	 and	 fetal	 growth	 may	

indeed	represent	the	environmental	effect	of	the	maternal	carriage	of	that	variant	 for	which	

the	 fetal	 genotype	 is	 only	 a	 surrogate.	 For	 example,	 Freathy	 et	 al	 (2007)	 showed	 that	 an	

apparent	association	between	fetal	TCF7L2	rs7903146	genotype	and	birth	weight	was	in	fact	a	

surrogate	 marker	 for	 an	 association	 explained	 entirely	 by	 the	 maternal	 genotype.	

Furthermore,	 the	 same	 genetic	 variant	 may	 result	 in	 a	 different	 phenotypic	 outcome	

depending	on	who	carries	the	variant:	the	mother,	the	fetus,	or	both.	Hattersley	et	al	(1998)	

demonstrated	that	discordant	GCK	genotypes	between	mother	and	fetus	were	associated	with	

opposing	 changes	 in	 birth	weight.	When	 carried	 by	 the	mother,	mutations	were	 associated	

with	 a	 600g	 increase	 in	 birth	 weight	 but	 when	 carried	 by	 the	 fetus,	 the	 same	 variant	 was	

associated	with	a	530g	decrease	in	birth	weight.	When	the	mother	and	fetus	were	concordant	

for	GCK	genotype,	either	wild-type	or	variant,	there	was	no	influence	upon	birth	weight.	



Chapter	7	–	Maternal	fetal	genome	interactions	

	
220	

	

It	 is	well	 established	 that	 there	 is	 a	 relationship	 between	 fetal	 growth,	 as	 assessed	 by	 birth	

weight,	and	adult	health	and	disease	(Gluckman	and	Hanson	2004).	There	are	likely	to	be	both	

environmental	 and	 genetic	 contributors	 to	 these	 associations	 (Meyre,	 Boutin	 et	 al	 2005;	

Vuguin,	 Hartil	 et	 al	 2013).	 In	 order	 to	 fully	 understand	 the	 role	 of	 genomic	 variation	 in	 the	

developmental	 origins	 of	 health	 and	 disease	 (DOHaD),	 it	 is	 important	 to	 assess	 both	 the	

maternal	and	fetal	genotypes	simultaneously	and,	indeed,	the	interactions	between	those	two.	

This	will	allow	the	mechanisms	underlying	these	associations	to	be	elucidated,	enhancing	our	

understanding	 of	 the	 pathogenesis	 of	 adult	 non-communicable	 diseases	 and	 potentially	

identifying	new	targets	for	therapeutic	interventions.	

	

The	 aim	 of	 this	 study	was	 to	 determine	 the	 associations	 between	 fetal	 growth	 and	 genetic	

variants	known	to	be	associated	with	adult	metabolic	disease.	In	order	to	examine	the	relative	

contributions	 of	 maternal	 and	 fetal	 genotype,	 we	 assessed	 the	 associations	 between	 fetal	

growth	 and	 these	 SNPs	 using	 maternal	 or	 fetal	 genotype	 alone,	 both	 genotypes	

simultaneously,	and	the	interaction	between	the	two	genotypes.	

	

	

7.3 METHODS	

	

7.3.1 Participants	

The	 Western	 Australian	 Pregnancy	 Cohort	 (Raine)	 Study	 has	 previously	 been	 described	 in	

detail	 (Newnham,	 Evans	 et	 al	 1993).	 Briefly,	 2900	 pregnant	 women	 and	 their	 fetuses	 were	

recruited	between	1989	and	1991	at	less	than	18	weeks’	gestation	from	the	antenatal	clinic	at	

King	 Edward	Memorial	 Hospital,	 Western	 Australia.	 Participants	 were	 randomised	 to	 either	

serial	 ultrasound	assessments	of	 fetal	 growth	at	 18,	 24,	 28,	 34,	 and	38	weeks	or	 to	 a	 single	

ultrasound	 at	 18	 weeks,	 with	 further	 scans	 arranged	 as	 clinically	 indicated.	 All	 ultrasounds	
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were	 performed	 by	 trained	 sonographers	 who	 obtained	measurements	 in	 triplicate	 of	 fetal	

abdominal	circumference	(AC),	biparietal	diameter	(BPD),	head	circumference	(HC),	and	femur	

length	(FL)	using	standard	anatomical	landmarks.	Estimated	fetal	weight	(EFW)	was	calculated	

using	 the	 formula	 by	 Hadlock	 et	 al	 (1984).	 All	 other	 aspects	 of	 clinical	 care	 were	 as	 per	

standard	hospital	protocols	of	the	time	and	were	consistent	between	the	two	groups.		

	

Detailed	obstetric,	maternal	health,	and	 family	 socioeconomic	data	were	obtained.	Neonatal	

anthropometry	was	performed	on	day	two	of	 life,	 including	birth	weight	and	ponderal	 index.	

Liveborn	offspring	of	consenting	parents	were	enrolled	into	a	longitudinal	cohort	study	of	child	

and	adolescent	development	and	health	with	assessments	conducted	at	ages	1,	2,	3,	5,	8,	14,	

17,	 18,	 20,	 and	 23	 years.	 This	 study	 includes	 those	 1226	 mother-fetus	 pairs	 who	 were	

Caucasian	singletons,	without	significant	congenital	anomalies	which	could	affect	fetal	growth,	

with	both	maternal	and	fetal	DNA	available	for	genotyping.	All	participants	provided	informed	

consent	and	ethics	approval	was	granted	by	 the	Human	Research	Ethics	Committees	of	King	

Edward	Memorial	and	Princess	Margaret	Hospitals	and	The	University	of	Western	Australia.	

	

7.3.2 Identification	of	variants	

Forty-two	single	nucleotide	polymorphisms	(SNPs)	were	identified	from	the	literature	as	being	

robustly	 associated	 with	 adult	 metabolic	 disease	 phenotypes	 (obesity,	 insulin	 resistance	 or	

hyperglycaemia,	or	non-alcoholic	fatty	liver	disease)	in	either	candidate	gene	or	genome-wide	

association	studies	(Table	7.1).		



Chapter	7	–	Maternal	fetal	genome	interactions	

	
222	

	

	

Table	7.1.	Single	nucleotide	polymorphisms	(SNPs)	associated	with	adult	metabolic	disease	

phenotypes	assessed	for	associations	with	fetal	growth.	

SNP	 Gene	region	 Phenotype	 Reference	
rs10485170	
rs10783050	
rs10811661	
rs10923931	
rs10946398	
rs1111875	
rs1143634	
rs1153188	
rs11708067	
rs11760956	
rs11763517	
rs11932595	
rs1227756	
rs1260326	
rs12779790	
rs13266634	
rs1495377	
rs1529093	
rs1799945	
rs1799971	
rs1800562	
rs1801282	

	
rs1805081	
rs1840440	
rs29941	

rs4402960	
	

rs4607103	
rs4756846	
rs489693	
rs5219	

rs6110577	
rs6499640	
rs7020996	
rs7138803	
rs757210	
rs7578597	
rs7649121	
rs7903146	
rs7961581	
rs864745	
rs896854	
rs9939609	

CNR1	
CHRNA3	
CDKN2A/B	
NOTCH2	
CDKAL1	
HHEX-IDE	

IL1B	
DCD	
ADCY5	
LEP	
LEP	

CLOCK	
COL13A1	
GCKR	

CDC123/CAMK1D	
SLC30A8	
TSPAN8	
NFE2L2	
HFE	

OPRM1	
HFE	

PPARG	
	

NPC1	
ZNF521/SS18	
KCTD15/CHST8	

IGF2BP2	
	

ADAMTS9	
SOX6	
MC4R	
KCNJ11	

C20orf133	
FTO	

CDKN2A/B	
BCDIN3D	
TCF2	
THADA	
ADIPOQ	
TCF7L2	

TSPAN-LGR5	
JAZF1	

TP53INP1	
FTO	

NAFLD	
Obesity	
T2DM	
T2DM	
T2DM	
T2DM	
Obesity	
T2DM	
T2DM	
Obesity	
Obesity	
NAFLD	
NAFLD	
T2DM	
T2DM	
T2DM	
T2DM	
NAFLD	
CHD	

Obesity	
T2DM	
T2DM	

	
Obesity	
Obesity	
Obesity	
T2DM	

	
T2DM	
Obesity	
Obesity	
T2DM	
Obesity	
Obesity	
T2DM	
Obesity	
T2DM	
T2DM	
T2DM	
T2DM	
T2DM	
T2DM	
T2DM	
Obesity	

(Dinu,	Popa	et	al	2009)	
(Thorleifsson,	Walters	et	al	2009)	

(Saxena,	Voight	et	al	2007)	
(Zeggini,	Scott	et	al	2008)	

(Zeggini,	Weedon	et	al	2007)	
(Sladek,	Rocheleau	et	al	2007)	

(Carter,	Hung	et	al	2008)	
(Zeggini,	Scott	et	al	2008)	

(Dupuis,	Langenberg	et	al	2010)	
(Jiang,	Wilk	et	al	2004)	
(Jiang,	Wilk	et	al	2004)	

(Sookoian,	Castano	et	al	2007)	
(Chalasani,	Guo	et	al	2010)	

(Vaxillaire,	Cavalcanti-Proenca	et	al	2008)	
(Zeggini,	Scott	et	al	2008)	

(Sladek,	Rocheleau	et	al	2007)	
(Wellcome	Trust	Case	Control	Consortium	2007)	

(Chalasani,	Guo	et	al	2010)	
(Lian,	Xu	et	al	2013)	
(Xu,	Zhang	et	al	2009)	

(Soranzo,	Sanna	et	al	2010)	
(Diabetes	Genetics	Initiative	of	Broad	Institute	of	Harvard	MIT	Lund	University,	

Novartis	Institutes	of	BioMedical	Research	et	al	2007)	
(Meyre,	Delplanque	et	al	2009)	
(Johansson,	Marroni	et	al	2010)	
(Thorleifsson,	Walters	et	al	2009)	

(Diabetes	Genetics	Initiative	of	Broad	Institute	of	Harvard	MIT	Lund	University,	
Novartis	Institutes	of	BioMedical	Research	et	al	2007)	

(Zeggini,	Scott	et	al	2008)	
(Liu,	Pei	et	al	2009)	

(Heard-Costa,	Zillikens	et	al	2009)	
(Laukkanen,	Pihlajamaki	et	al	2004)	
(Cotsapas,	Speliotes	et	al	2009)	
(Thorleifsson,	Walters	et	al	2009)	

(Zeggini,	Scott	et	al	2008)	
(Thorleifsson,	Walters	et	al	2009)	
(Winckler,	Weedon	et	al	2007)	

(Zeggini,	Scott	et	al	2008)	
(Hivert,	Manning	et	al	2008)	

(Grant,	Thorleifsson	et	al	2006)	
(Zeggini,	Scott	et	al	2008)	
(Zeggini,	Scott	et	al	2008)	
(Voight,	Scott	et	al	2010)	

(Frayling,	Timpson	et	al	2007)	
Abbreviations:	NAFLD	=	non-alcoholic	fatty	liver	disease;	T2DM	=	type	2	diabetes	mellitus;	CHD	=	coronary	heart	disease	
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7.3.3 Genotyping	

DNA	was	obtained	from	the	mothers	and	offspring	at	either	the	14-	or	17-year	cohort	follow	

up	 assessment.	 DNA	 was	 extracted	 using	 a	 Puregene	 DNA	 isolation	 kit	 from	 5mL	 of	 EDTA-

anticoagulated	peripheral	blood	obtained	from	the	offspring	and	mothers	at	the	14	or	17	year	

follow	up	assessment.	Offspring	genotype	was	determined	either	by	direct	genotyping	on	the	

Illumina	 660-W-Quad	 genome-wide	 array	 (Illumina	 Inc.,	 San	 Diego,	 USA)	 at	 the	 Centre	 for	

Applied	Genomics	(Toronto,	Canada)	or	imputed	using	MACH	v1.0.16	(Li,	Willer	et	al	2009)	for	

all	 autosomes	 with	 the	 CEU	 samples	 from	 HapMap	 Phase2	 used	 as	 a	 reference	 panel	

(International	HapMap	Project).		

	

Standard	quality	control	methods	were	performed	 in	each	sample	separately	and	have	been	

previously	described	(Paternoster,	Zhurov	et	al	2012;	Taal,	St	Pourcain	et	al	2012).		

	

Individual	 samples	 were	 excluded	 on	 the	 basis	 of	 incorrect	 gender	 assignment,	 minimal	 or	

excessive	 heterozygosity,	 high	 levels	 of	 missingness,	 and	 cryptic	 relatedness	 (6%	 of	 those	

genotyped).	Maternal	genotype	was	determined	by	direct	genotyping	using	the	KASP™	assay	

at	KBiosciences	(LGC	Genomics,	Hoddesdon,	United	Kingdom).	

	

7.3.4 Statistical	analyses	

Analyses	were	performed	using	 the	graphical	 statistical	 software	package	R,	 version	3.0.1	 (R	

Foundation	for	Statistical	Computing,	Vienna,	Austria).	The	contributors	to	fetal	growth	were	

examined	by:	

a.	Developing	the	optimal	multivariate	models	for	fetal	growth	parameters;	

b.	Assessing	the	roles	of	the	maternal	and	fetal	genotypes	individually;	

c.	Assessing	the	roles	of	the	maternal	and	fetal	genotypes	simultaneously;	

d.	Assessing	the	interaction	of	maternal	and	fetal	genotypes;	and	

e.	Assessing	various	combinations	of	maternal	and	fetal	genotypes.	
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	The	 cross-sectional	 measurements	 of	 birth	 weight	 and	 ponderal	 index	 were	 assessed	 by	

multivariate	 linear	 regression	 analysis.	 Optimal	 epidemiological	 models	 for	 these	 were	

developed,	incorporating	known	epidemiological	contributors	such	as	gestational	age	at	birth,	

offspring	 sex,	 parity,	 placenta	 weight,	 maternal	 body	 mass	 index	 and	 height,	 gestational	

weight	gain,	and	smoking,	anaemia	and	diabetes	during	pregnancy	(White,	Marsh	et	al	2015;	

Chapter	3).	Regression	models	were	as	follows.	

	

𝐵𝑖𝑟𝑡ℎ	𝑤𝑒𝑖𝑔ℎ𝑡	~	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥 + 	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 + 	𝑃𝑎𝑟𝑖𝑡𝑦	 + 	𝑃𝑙𝑎𝑐𝑒𝑛𝑡𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡	 + 	𝑆𝑚𝑜𝑘𝑖𝑛𝑔	 + 	𝐷𝑖𝑎𝑏𝑒𝑡𝑒𝑠	

+ 𝐴𝑛𝑎𝑒𝑚𝑖𝑎	 + 	𝐵𝑀𝐼	 + 	𝑊𝑒𝑖𝑔ℎ𝑡	𝑔𝑎𝑖𝑛	 + 	𝐻𝑒𝑖𝑔ℎ𝑡	

	

𝑃𝑜𝑛𝑑𝑒𝑟𝑎𝑙	𝑖𝑛𝑑𝑒𝑥	~	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥	 + 	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 + 	𝑃𝑙𝑎𝑐𝑒𝑛𝑡𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡	 + 	𝐻𝑒𝑖𝑔ℎ𝑡	 + 	𝑊𝑒𝑖𝑔ℎ𝑡	𝑔𝑎𝑖𝑛	

	

𝑤ℎ𝑒𝑟𝑒:	

𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑔𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑔𝑒	𝑎𝑡	𝑏𝑖𝑟𝑡ℎ	 𝑑𝑎𝑦𝑠 	

𝑆𝑚𝑜𝑘𝑖𝑛𝑔 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑡𝑜𝑏𝑎𝑐𝑐𝑜	𝑢𝑠𝑒	𝑑𝑢𝑟𝑖𝑛𝑔	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	

𝐷𝑖𝑎𝑏𝑒𝑡𝑒𝑠 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑑𝑖𝑎𝑏𝑒𝑡𝑒𝑠	𝑚𝑒𝑙𝑙𝑖𝑡𝑢𝑠	𝑑𝑢𝑟𝑖𝑛𝑔	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	

𝐴𝑛𝑎𝑒𝑚𝑖𝑎 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑎𝑛𝑎𝑒𝑚𝑖𝑎	 𝐻𝑏 < 100𝑔. 𝐿34 	𝑑𝑢𝑟𝑖𝑛𝑔	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	

𝐵𝑀𝐼 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑝𝑟𝑒 − 𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	𝑏𝑜𝑑𝑦	𝑚𝑎𝑠𝑠	𝑖𝑛𝑑𝑒𝑥	(𝑘𝑔.𝑚3I)	

𝑊𝑒𝑖𝑔ℎ𝑡	𝑔𝑎𝑖𝑛 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑔𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡	𝑔𝑎𝑖𝑛	(𝑘𝑔)	

𝐻𝑒𝑖𝑔ℎ𝑡 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	ℎ𝑒𝑖𝑔ℎ𝑡	(𝑐𝑚)	

	

Prenatal	 growth	 trajectories	 were	 examined	 using	 linear	 mixed	 effects	 model	 analysis	 of	

longitudinal	 AC,	 HC,	 and	 EFW.	 Optimal	 epidemiological	 models	 for	 each	 parameter	 were	

developed,	 incorporating	 the	 known	 epidemiological	 contributors	 (White,	Marsh	 et	 al	 2015;	

Chapter	3).	Genetic	covariates	were	added	sequentially	to	assess	the	role	of	maternal	and/or	

fetal	 genotype	 in	 fetal	 growth.	 Random	effects	 for	 each	model	 included	 intercept	 and	 time.	

The	final	epidemiological	models	for	each	parameter	were	as	follows.	
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𝐴𝑏𝑑𝑜𝑚𝑖𝑛𝑎𝑙	𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒	~	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 ∗ 	 (𝑆𝑚𝑜𝑘𝑖𝑛𝑔	 + 	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥	 + 	𝐻𝑒𝑖𝑔ℎ𝑡) 	

+ 	𝐴𝑔𝑒 +	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛I 	+ 	𝐵𝑀𝐼	

	

𝐻𝑒𝑎𝑑	𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒	~	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 ∗ 	 (𝑆𝑚𝑜𝑘𝑖𝑛𝑔	 + 	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥	 + 	𝐻𝑒𝑖𝑔ℎ𝑡) 	

+ 	(𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	I ∗ 	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥) 	+ 	𝐴𝑛𝑎𝑒𝑚𝑖𝑎	

	

𝐹𝑒𝑚𝑢𝑟	𝑙𝑒𝑛𝑔𝑡ℎ	~	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 ∗ 	 𝑆𝑚𝑜𝑘𝑖𝑛𝑔	 + 	𝐻𝑒𝑖𝑔ℎ𝑡 + 	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛I 	+ 	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥	

	

𝑙𝑜𝑔4? 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑓𝑒𝑡𝑎𝑙	𝑤𝑒𝑖𝑔ℎ𝑡 	~	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛	 ∗ 	 (𝑆𝑚𝑜𝑘𝑖𝑛𝑔 + 	𝐻𝑒𝑖𝑔ℎ𝑡	 + 	𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛I)

+ 	𝐹𝑒𝑡𝑎𝑙	𝑠𝑒𝑥	

	

𝑤ℎ𝑒𝑟𝑒:	

𝐺𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑔𝑒𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑔𝑒	𝑎𝑡	𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑢𝑛𝑑	𝑎𝑠𝑠𝑒𝑠𝑠𝑚𝑒𝑛𝑡	 𝑤𝑒𝑒𝑘𝑠 	

𝑆𝑚𝑜𝑘𝑖𝑛𝑔 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑡𝑜𝑏𝑎𝑐𝑐𝑜	𝑢𝑠𝑒	𝑑𝑢𝑟𝑖𝑛𝑔	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	

𝐻𝑒𝑖𝑔ℎ𝑡 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	ℎ𝑒𝑖𝑔ℎ𝑡	 𝑐𝑚 	

𝐵𝑀𝐼 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑝𝑟𝑒 − 𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	𝑏𝑜𝑑𝑦	𝑚𝑎𝑠𝑠	𝑖𝑛𝑑𝑒𝑥	 𝑘𝑔.𝑚3I 	

𝐴𝑛𝑎𝑒𝑚𝑖𝑎 = 𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙	𝑎𝑛𝑎𝑒𝑚𝑖𝑎	 𝐻𝑏 < 100𝑔. 𝐿34 𝑑𝑢𝑟𝑖𝑛𝑔	𝑝𝑟𝑒𝑔𝑛𝑎𝑛𝑐𝑦	

	

A	“minor	allele	dosage	score”	was	derived	describing	the	number	of	minor	alleles	(zero	to	four)	

present	for	the	mother-fetus	pair	for	each	SNP.	This	dosage	score	described	five	categories	of	

maternal-fetal	pairs:	those	with	no	minor	alleles	(reference	group),	those	with	one	minor	allele	

in	either	the	mother	or	the	fetus	or	in	both,	those	with	three	minor	alleles	including	two	in	the	

fetus,	those	with	three	minor	alleles	 including	two	 in	the	mother,	and	those	with	four	minor	

alleles	(Figure	7.1).	The	relative	capacity	of	the	genetic	modelling	approaches	to	demonstrate	

significant	fetal	growth	associations	was	described	by	the	number	of	SNPs	to	have	nominally	

significant	(p	<	0.05)	associations	by	each	approach.	
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Figure	7.1.	Minor	allele	dosage	score.	This	score	categorises	mother-fetus	pairs	into	one	of	five	

groups	depending	on	the	number	of	minor	alleles	carried	by	the	pair.	Group	A	(reference)	has	

no	minor	alleles	in	either	the	mother	or	fetus;	Group	B	has	one	minor	allele	in	either	the	

mother	or	the	fetus	or	in	both;	Group	C	has	three	minor	alleles	with	two	in	the	fetus;	Group	D	

has	three	minor	alleles	with	three	in	the	mother;	and	Group	E	has	four	minor	alleles.	

(A	=	major	allele,	a	=	minor	allele)	

	

	

7.4 RESULTS	

	

The	 demographic	 characteristics	 of	 the	 study	 participants	 are	 described	 in	 Table	 7.2.	

Compared	to	a	contemporary	Australian	obstetric	population,	 the	Raine	Study	mothers	were	

relatively	young	(mean	age	28.4	years)	and	lean	(mean	BMI	22.6	kg/m2).	Diabetes	complicating	

pregnancy	was	uncommon	(4%)	compared	to	up	to	13%	at	present	(Moses,	Wong	et	al	2016).	

Tobacco	smoking	during	pregnancy	was	relatively	common	at	25%	of	participants	compared	to	
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12%	 in	 2010	 (Ford,	 Greenhalgh	 et	 al	 2015).	 Remaining	 parameters	 were	 similar	 to	 current	

population	norms.	

	

	

Table	7.2.	Demographic	characteristics	of	the	study	participants.	

Characteristics	 Mean	(SD)	or	n	(%)	
Mothers	

Number	
Age,	years	
Parity:	

0	
1	
2	
3	
≥4	

Height,	cm	
Pre-pregnancy	body	mass	index,	kg/m2	
Gestational	weight	gain,	kg	
Diabetes	
Anaemia	
Smoking	

	
1226	

28.4	(5.7)	
	

571	(47%)	
367	(30%)	
191	(16%)	
71	(6%)	
26	(2%)	
164	(6.6)	
22.6	(4.3)	
8.0	(3.2)	
45	(4%)	

335	(27%)	
303	(25%)	

Offspring	
						Number	

Gestation	at	birth,	weeks	
Male	sex	
Birth	weight,	g	
Birth	length,	cm	
Ponderal	index,	kg/m3	
Placental	weight,	g	

	
1226	

39.4	(1.9)	
624	(51%)	
3373	(554)	
49.1	(2.5)	
28.3	(3.0)	
596	(126)	

	

	

Many	 of	 the	 SNPs	 previously	 demonstrated	 to	 have	 associations	 with	 adult	 metabolic	

parameters	were	 found	 to	 have	 at	 least	 nominally	 significant	 associations	with	 altered	 fetal	

growth	 for	 at	 least	 one	 of	 the	 modelling	 approaches.	 Of	 the	 42	 SNPs	 assessed,	 20	 were	

associated	with	changes	in	the	intercept	(level)	of	the	longitudinal	models	of	AC,	HC,	and	EFW	

(Table	 7.3)	 and	 21	 were	 associated	 with	 changes	 in	 the	 trajectory	 (slope)	 (Table	 7.4).	

Significant	associations	were	also	 found	with	 cross-sectional	assessments	of	growth,	with	23	

SNPs	 associated	 with	 either	 birth	 weight	 or	 ponderal	 index	 (Table	 7.5).	 Tables	 7.6	 to	 7.13	

provide	the	regression	coefficients	for	the	analyses.	
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Assessing	the	maternal	or	fetal	genotype	for	the	42	SNPs	in	isolation	demonstrated	significant	

associations	between	fetal	growth	and	12	SNPs	(29%)	or	13	SNPs	(31%),	respectively.	A	greater	

number	 of	 significant	 associations	 were	 demonstrated	 when	 considering	 the	 maternal	 and	

fetal	 genotypes	 simultaneously,	 with	 23	 SNPs	 (55%)	 showing	 growth	 associations	with	 such	

modelling.	 Adding	 an	 interaction	 term	 between	 maternal	 and	 fetal	 genotype	 did	 not	

substantially	 improve	 the	 detection	 of	 growth	 associations	 (13	 SNPs,	 31%)	 over	 simple	

simultaneous	modelling.	The	minor	allele	dosage	score	model	detected	the	greatest	number	of	

associations	 (27	 SNPs,	 64%).	 Considering	 all	 models	 demonstrated	 significant	 fetal	 growth	

associations	for	35	(83%)	of	the	42	SNPs	assessed	(Figures	7.2	and	7.3	and	Table	7.14).	

	

	

	

Figure	7.2.	Venn	diagram	of	numbers	of	significant	fetal	growth	associations	

detected	by	different	combinations	of	maternal	and	fetal	genotypes.	
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Figure	7.3.	Proportion	of	single	nucleotide	polymorphisms	(SNPs)	with	significant	

fetal	growth	associations	by	genomic	modelling	approach.	

	

Table	7.14.	Gene	regions	of	SNPs	with	significant	fetal	growth	associations	by	various	maternal	

and	fetal	genotype	models.	Genes	in	bold	are	those	found	only	by	modelling	maternal	and	

fetal	genotypes	simultaneously.	

Maternal	SNP	only	 Fetal	SNP	
only	

All	models	

ADAMTS9	
ADCY5	
BCDIN3D	
CDKAL1	

CDKN2A/B	
CHRNA3	
DCD	

NFE2L2	
OPRM1	
SLC30A8	
TCF7L2	

TSPAN-LGR5	

ADCY5	
C20orf133	
COL13A1	
GCKR	

IGF2BP2	
JAZF1	

KCTD15/CHST8	
NOTCH2	
OPRM1	
PPARG	
SOX6	

TSPAN8	
TSPAN-LGR5	
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Surrogate	 associations	 were	 detected	 where	 an	 apparent	 association	 with	 one	 genotype	

represents	 common	 genotypes	 due	 to	 fetal	 inheritance	 from	 the	mother.	 For	 example,	 the	

minor	allele	of	 rs1799971	 in	OPRM1	 demonstrated	a	 significant	decrease	 in	AC	 trajectory	of	

1.6mm	 per	 week	 (p=0.005)	 when	 only	 the	maternal	 genotype	 is	 considered	 and	 a	 trend	 to	

decreased	 AC	 trajectory	 of	 0.9mm	 per	 week	 (p=0.069)	 when	 only	 the	 fetal	 genotype	 is	

considered.	When	 considered	 together	 in	 a	multivariate	model,	 however,	 only	 the	maternal	

genotype	was	significantly	associated	with	AC	trajectory	(-1.3mm	per	week,	p=0.048)	with	the	

fetal	genotype	no	longer	showing	a	trend	(p=0.461).	Significant	associations	with	one	genotype	

generally	 show	 effect	 sizes	 of	 approximately	 one-half	 with	 the	 other,	 reflecting	 the	 50%	

maternal	contribution	to	the	fetal	genome.	

	

Several	 significant	 growth	associations	 found	when	 considering	maternal	 and	 fetal	 genotype	

simultaneously	were	not	detected	when	assessing	either	genotype	 in	 isolation.	For	example,	

the	 combined	 maternal-fetal	 genotype	 model	 demonstrated	 that	 rs9939609	 in	 FTO	 was	

associated	 with	 a	 32g	 increase	 in	 birth	 weight	 when	 carried	 by	 the	 mother	 (p=0.048),	 an	

association	which	was	not	demonstrated	when	assessing	the	maternal	genotype	alone.		

	

Several	SNPs	demonstrated	opposing	directions	of	effect	between	maternal	and	fetal	carriage.	

For	example,	rs7138803	in	BCDIN3D	was	associated	with	a	1.1mm	increase	in	HC	at	18	weeks’	

gestation	 (p=0.014)	 when	 carried	 by	 the	 mother	 and	 a	 1.0mm	 decrease	 (p=0.018)	 when	

carried	by	the	fetus.	When	assessed	in	isolation,	the	effect	sizes	were	one-half	the	magnitude	

of	 those	 in	 the	 combined	 model	 and	 no	 longer	 statistically	 significant,	 again	 showing	 the	

influence	of	 the	 shared	maternal-fetal	 genome.	A	 similar	 pattern	was	 seen	 for	 rs4756846	 in	

SOX6,	associated	with	a	76g	decrease	in	birth	weight	(p=0.002)	if	carried	by	the	mother	and	an	

84g	increase	(p=0.001)	if	carried	by	the	fetus.	
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Some	SNPs	demonstrated	significant	 interactions	between	maternal	and	fetal	genotypes.	For	

example,	 rs896854	 in	TP53INP1	was	not	associated	with	any	of	 the	 fetal	growth	parameters	

when	 assessing	 maternal	 and	 fetal	 genotypes	 together,	 but	 demonstrated	 significant	

interactions	between	the	maternal	and	fetal	genotypes	for	AC,	HC,	and	EFW	intercepts	and	for	

birth	weight.	 This	 SNP	was	associated	with	a	 reduction	 in	 fetal	 growth	only	when	 there	was	

discordance	between	the	number	of	maternal	and	fetal	minor	alleles,	with	positive	magnitude	

interaction	 terms	 attenuating	 the	 decreased	 growth	 in	 the	 event	 of	 common	maternal	 and	

fetal	genotypes.	

	

Apparent	 patterns	 of	 inheritance	 were	 determinable	 from	 the	 associations	 with	 the	 minor	

allele	dosage	score	categories.	For	example,	rs1495377	near	TSPAN8	had	an	apparent	additive	

pattern	of	inheritance	with	an	increased	magnitude	of	effect	when	carried	in	increasing	doses	

by	 the	 fetus.	Birth	weight	was	74g	 lighter	 (p=0.011)	 in	 those	 fetuses	 carrying	 a	 single	minor	

allele	 and	 148g	 lighter	 (p<0.001)	 in	 those	 carrying	 two	 minor	 alleles.	 This	 was	 offset	 by	 a	

positive	magnitude	maternal-fetal	 interaction	 (45g,	 p=0.040)	 such	 that	 the	 effect	 sizes	were	

reduced	in	those	groups	with	two	maternal	minor	alleles.		

	

	

7.5 DISCUSSION	

	

In	 this	 study	 I	 have	 shown	 that	 assessing	 associations	 between	 fetal	 growth	 and	 genomic	

variants	was	best	achieved	with	a	combination	of	multivariate	models	taking	into	account	both	

maternal	 and	 fetal	 genotypes,	 the	 interactions	 between	 these	 two,	 and	 the	 relationship	

between	 the	 numbers	 of	 maternal	 and	 fetal	 minor	 alleles.	 Using	 this	 approach,	 the	 vast	

majority	 of	 this	 small	 selection	 of	 SNPs	 that	 have	 previously	 been	 demonstrated	 to	 be	

associated	 with	 adult	 metabolic	 disease	 phenotypes	 was	 nominally	 associated	 with	 altered	
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fetal	growth.	This	 lends	weight	to	the	notion	that	there	 is	a	role	for	genomic	variation	 in	the	

relationship	between	fetal	growth	and	the	developmental	origins	of	metabolic	disease.	

	

The	 magnitude	 of	 variations	 in	 fetal	 growth	 identified	 between	 individuals	 of	 differing	

genotypes	was	small.	For	example,	rs4756846	in	SOX6	was	associated	with	a	76g	decrease	in	

birth	 weight	 per	maternal	minor	 allele	 and	 an	 84g	 increase	 in	 birth	 weight	 per	 fetal	 minor	

allele.	 This	 small	 variation,	 accounting	 for	 only	 around	 2%	 of	 mean	 term	 birth	 weight,	 is,	

however,	equivalent	 to	half	of	 the	negative	effect	of	maternal	 smoking	during	pregnancy	on	

birth	weight	 (White,	Marsh	et	 al	 2015;	Chapter	3).	 The	effect	 sizes	 found	are	also	 similar	 to	

those	 of	 the	 first	 variants	 identified	 in	 a	 genome-wide	 association	 study	 of	 birth	 weight	

(Freathy,	Mook-Kanamori	et	al	2010),	although	the	simple	statistical	modelling	strategy	of	that	

study	required	over	10,000	participants	to	demonstrate	a	significant	effect.	

	

The	 benefits	 of	 using	more	 complex	modelling	methodologies	 are	multiple.	 Firstly,	 it	 allows	

detection	 of	 associations	 which	 would	 not	 have	 been	 significant	 when	 assessing	 a	 single	

genotype	 in	 isolation.	 Using	 a	 combination	 of	 concurrent	 maternal	 and	 fetal	 genotype	

modelling,	 maternal-fetal	 interaction	 terms,	 and	 minor	 allele	 dosage	 score	 approaches	

identified	 almost	 three	 times	 as	 many	 associations	 as	 were	 detected	 with	 single	 genotype	

models.	 The	magnitude	of	 effect	 sizes	 in	 the	 associations	between	 individual	 SNPs	 and	 fetal	

growth	parameters	is	small	and	may	be	lost	in	the	noise	of	measurement	error.	More	complex	

analytic	techniques	appear	to	enhance	the	resolution	of	association	studies	 in	demonstrating	

these	associations	of	small	magnitude.	

	

Secondly,	the	more	complex	modelling	allows	identification	of	which	genome	is	involved	in	the	

physiology	 underlying	 the	 association,	 with	 fetal	 associations	 suggestive	 of	 a	 primary	 fetal	

genetic	 determination	 of	 growth,	 and	 maternal	 associations	 suggestive	 of	 a	 role	 for	 the	

intrauterine	environment	 in	determining	fetal	growth.	This	allows	a	greater	understanding	of	
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the	pathophysiology	underlying	the	links	between	abnormal	fetal	growth	and	adult	metabolic	

disease	which,	ultimately,	may	lead	to	the	development	of	therapeutic	interventions.	

	

Another	 benefit	 of	 simultaneous	modelling	of	maternal	 and	 fetal	 genotypes	 is	 that	 it	 allows	

identification	of	 associations	with	 SNPs	of	opposing	directions	of	 effect	when	 carried	by	 the	

mother	 and	 by	 the	 fetus.	 When	 assessing	 the	 influence	 of	 only	 one	 of	 these	 genotypes	 in	

isolation,	 the	 50%	 common	maternal-fetal	 genome	 can	 result	 in	 the	 opposing	maternal	 and	

fetal	associations	attenuating	each	other,	masking	the	true	association	of	each.	Such	variants	

may	be	relatively	common	with	seven	of	the	42	assessed	SNPs	(17%)	showing	this	pattern	of	

associations.	 This	 phenomenon	 may	 account	 for	 some	 of	 the	 “missing	 heritability”	 of	 fetal	

growth	which	 the	 single,	predominantly	 fetal,	 genotype	association	 studies	 conducted	so	 far	

have	been	poorly	able	to	demonstrate.	

	

Fourth,	 there	 are	 important	 maternal-fetal	 genotype	 interactions	 in	 relation	 to	 the	 genetic	

determination	of	fetal	growth.	Some	variants	require	to	be	carried	by	both	the	mother	and	the	

fetus	 in	 order	 to	 be	 expressed	 phenotypically,	 while	 others	 are	 only	 associated	 with	 fetal	

growth	 alterations	 when	 the	 maternal	 and	 fetal	 genotypes	 are	 discordant.	 Again,	 this	 is	 of	

importance	 in	elucidating	the	mechanism	underlying	the	association.	For	example,	the	minor	

allele	of	SNP	rs896854	was	associated	with	a	reduction	in	birth	weight	of	80g	when	carried	by	

the	mother	(p=0.002)	and	of	68g	when	carried	by	the	fetus	(p=0.008).	However,	a	significant	

maternal-fetal	 interaction	exists	 (+59g,	p=0.007)	such	that	the	negative	 influences	upon	fetal	

growth	are	attenuated,	to	a	degree,	where	the	mother	and	fetus	are	concordant	for	rs896854	

genotype.		

	

Finally,	analysis	with	a	minor	allele	dosage	score	model	allows	interpretation	of	the	inheritance	

pattern	 of	 a	 variant	 associated	 with	 fetal	 growth.	 For	 example,	 rs7961581	 appears	 to	 be	
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recessively	inherited,	with	a	significant	reduction	in	birth	weight	only	evident	in	those	groups	

where	the	fetuses	are	minor	allele	homozygotes	(Figure	7.4).	

	

	

Figure	7.4.	Birth	weight	according	to	maternal-fetal	minor	allele	dosage	score	for	the	

rs7961581	single	nucleotide	polymorphism	in	TSPAN-LGR5.	*	p<0.05	compared	to	Group	A.	

	

The	 strength	 of	 this	 study	 is	 the	 use	 of	 longitudinal	 modelling	 of	 fetal	 growth	 trajectories,	

made	possible	by	the	serial	third	trimester	ultrasound	assessments	of	the	Raine	Study.	Such	an	

approach	 is	 able	 to	 demonstrate	 relatively	 subtle	 effects	 of	 single	 SNPs	 upon	 genetically	

complex	 phenotypes	 such	 as	 fetal	 growth	 patterns,	more	 so	 than	 other	 descriptors	 of	 fetal	

growth	such	as	birth	weight.	

	

This	work	is	limited	by	the	relatively	small	sample	size	of	the	Raine	Study.	Individual	SNPs	are	

associated	with	small	magnitudes	of	effect	and	such	small	effects	are	generally	only	able	to	be	

demonstrated	 significantly	by	 the	 increased	power	of	 large	 sample	 sizes.	Use	of	 longitudinal	

modelling	 techniques	goes	 some	way	 to	alleviating	 this,	allowing	 some	associations	 to	 reach	

the	 level	of	 statistical	 significance.	However,	with	 the	 large	number	of	associations	 tested,	a	

proportion	of	 those	 significant	 results	may	 represent	 type	 I	 errors.	Bonferroni	 correction	 for	
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multiple	 testing	 would	 render	 many	 of	 the	 associations	 non-significant;	 however,	 this	

methodology	 is	not	necessarily	applicable	 to	testing	non-independent	outcomes,	such	as	 the	

assessment	of	different	but	 related	parameters	of	a	uniting	phenotype	such	as	 fetal	growth.	

Ideally,	 this	study	would	be	replicated	 in	another	cohort,	but	such	a	cohort	with	appropriate	

longitudinal	measures	of	fetal	growth	is	not	currently	available.	It	is	likely	however,	given	the	

large	number	of	consistent	associations,	that	many	of	these	associations	are	genuine	and	this	

provides	support	for	a	role	of	genomic	variation	in	the	mother	and	fetus	in	determining	fetal	

growth.				

	

A	 further	 limitation	 of	 this	 study,	 as	 with	most	 other	 SNP	 association	 studies,	 is	 the	 use	 of	

additive	 inheritance	 pattern	 modelling.	 This	 method	 is	 out	 of	 keeping	 with	 the	 biology	 of	

Mendelian	genetics,	in	that	many	genetic	variants	will	have	dominant	or	recessive	inheritance.	

This	 approach	 is	 employed	 out	 of	 convenience	 when	 studying	 a	 large	 number	 of	 genetic	

variants	for	several	reasons,	including	the	unknown	inheritance	pattern	of	almost	all	SNPs,	to	

minimise	the	number	of	statistical	tests	performed	and	thereby	reduce	the	number	of	spurious	

results	 related	to	multiple	 testing	as	would	occur	 in	modelling	all	 inheritance	patterns	 for	all	

SNPs,	 and	also	 to	 avoid	 reducing	 statistical	 power	by	dividing	 the	 cohort	 into	multiple	 small	

groups.	This	limitation	also	applies	to	the	minor	allele	dosage	score,	in	which	the	groups	with	

three	maternal-fetal	minor	 alleles	 include	 a	homozygous	mother	 and	heterozygous	 fetus,	 or	

vice	versa,	for	which	a	recessive	minor	allele	association	with	 influence	of	both	genomes	will	

not	 be	 accurately	 detected	 in	 the	 three-allele	 groups.	 In	 order	 to	 accurately	 assess	 the	

inheritance	 pattern	 of	 the	 variants	 of	 interest,	 they	 require	 assessment	 in	 smaller	 numbers	

than	in	this	study,	or	individually.	

	

This	 antenatal	 growth	 assessment	 subset	 of	 the	 Raine	 Study	 cohort	 has	 been	 shown	 to	 be	

statistically	non-representative	of	 its	 source	population	 in	 that	 there	 is	under-representation	

of	 non-Caucasian	 individuals	 and	 the	 socioeconomically	 disadvantaged	 (Chapter	 2).	 The	
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findings	 of	 this	 work,	 therefore,	 may	 have	 limited	 external	 validity	 for	 non-Caucasian	

populations	 among	 whom	 substantial	 variations	 in	 minor	 allele	 frequencies	 confer	 altered	

relative	 genetic	 contributions	 to	 complex	 phenotypes	 such	 as	 fetal	 growth	 and	 metabolic	

disease.	
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7.6 SUMMARY	

	

This	study	provides	evidence	for	a	substantial	role	of	genomic	variation	in	the	developmental	

origins	of	metabolic	disease.	The	majority	of	SNPs	known	to	influence	adult	metabolic	health	

are	 also	 associated	 with	 altered	 fetal	 growth.	 It	 also	 demonstrates	 the	 importance	 of	

considering	 both	 the	 maternal	 and	 fetal	 genomes	 in	 the	 study	 of	 fetal	 growth	 in	 order	 to	

maximise	 the	 power	 to	 detect	 associations,	 but	 also	 to	 provide	 information	 about	 the	

underlying	biology	of	the	associations	as	is	demonstrated	in	Chapter	8.	

	

This	study	suggests	that	examining	an	individual’s	risk	of	metabolic	disease	based	upon	known	

genetic	markers	associated	with	relevant	adult	phenotypes	could	feasibly	be	used	to	 identify	

individuals	 who	 may	 benefit	 from	 early	 life	 primary	 prevention	 interventions.	 The	

development	of	such	an	approach	is	presented	in	Chapter	9	of	this	thesis.	
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8.1 OVERVIEW	

	

Fetal	growth	restriction	(FGR)	and	fetal	macrosomia	are	each	associated	with	an	increased	risk	

of	 type	 2	 diabetes	mellitus	 (T2DM)	 in	 adulthood.	 The	 “fetal	 insulin	 hypothesis”	 describes	 a	

possible	genetic	basis	that	may	contribute	to	the	relationship	between	FGR	and	adult	T2DM,	

linking	the	dual	roles	of	insulin	in	the	stimulation	of	fetal	growth	and	in	glucose	homeostasis.	It	

suggests	that	genetically	determined	insulin	resistance	may	lead	to	reduced	insulin-driven	fetal	

growth	as	well	as	adult	glucose	intolerance.	A	similar	role	for	genetic	factors	in	the	relationship	

between	fetal	macrosomia	and	adult	T2DM	is	yet	to	be	described.	

	

This	 chapter	 examines	 a	 candidate	 genomic	 polymorphism	within	 the	 SLC30A8	 gene	 that	 is	

known	 to	 be	 associated	with	 altered	 insulin	 secretion	 and	 adult	 T2DM	 risk.	 This	 variant	 has	

unique	 phenotypic	 associations:	 it	 is	 associated	 with	 increased	 T2DM	 risk	 as	 well	 as,	

counterintuitively,	increased	insulin	sensitivity.	Biologically,	it	has	the	potential	to	lead	to	both	

increased	 insulin-driven	 fetal	 growth	 and	 adult	 hyperglycaemia,	 making	 it	 a	 potential	

candidate	for	a	genetic	role	in	the	link	between	fetal	macrosomia	and	T2DM.	

	

8.1.1 Aim	

The	work	presented	in	this	chapter	aims	to	explore	the	potential	genetic	relationship	between	

fetal	macrosomia	and	adult	T2DM	by	examining	the	associations	between	maternal	and	fetal	

genotypes	of	the	rs13266634	variant	in	SLC30A8	and	fetal	growth	trajectories	and	subsequent	

glucose	homeostasis	in	young	adult	offspring.		

	

8.1.2 Hypothesis	

I	 hypothesised	 that	 the	 T2DM-risk	 allele	 of	 rs13266634	would	 be	 associated	with	 increased	

fetal	growth	and	adult	glucose	intolerance.	
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8.2 INTRODUCTION	

	

Many	 studies	 have	 demonstrated	 a	 clear	 relationship	 between	 suboptimal	 antenatal	 and	

postnatal	environments	and	the	development	of	a	wide	range	of	adult	diseases,	including	type	

2	diabetes	mellitus	(T2DM).		These	observations	are	the	basis	for	the	Developmental	Origins	of	

Health	 and	 Disease	 (DOHaD)	 paradigm	 and	 have	 been	 confirmed	 in	 multiple	 human	

populations	 (Barker	 1998;	 Osmond	 and	 Barker	 2000;	 McMillen	 and	 Robinson	 2005)	 and	 in	

numerous	animal	studies	across	multiple	species	(Bertram	and	Hanson	2001;	Newnham	2001;	

Matthews	 2002;	 Gluckman	 and	 Hanson	 2004b;	 McMillen	 and	 Robinson	 2005).	 Initial	

observations	linked	fetal	growth	restriction	with	increased	adult	disease	risk	(Hales,	Barker	et	

al	 1991),	 but	 more	 recent	 evidence	 suggests	 abnormal	 fetal	 growth	 at	 both	 ends	 of	 the	

spectrum	(growth	restriction	and	macrosomia)	is	associated	with	an	increased	adult	T2DM	risk	

(Wei,	 Sung	et	al	2003).	 These	associations	 result	 in	a	 “U-shaped”	 relationship	between	birth	

weight	and	adult	T2DM	risk.	

	

Although	 adverse	 antenatal	 and	postnatal	 environments	 increase	 the	 risk	 of	 particular	 adult	

diseases,	 not	 all	 individuals	 exposed	 to	 these	 environments	 develop	 these	 conditions,	

suggesting	that	an	individual’s	genes	may	contribute	to	the	eventual	outcome	(Eriksson,	Lindi	

et	al	2002;	Eriksson,	Lindi	et	al	2003;	Pihlajamaki,	Vanhala	et	al	2004;	Yliharsila,	Eriksson	et	al	

2004).	 	 Both	 the	 maternal	 and	 the	 fetal	 genotype	 may	 contribute	 to	 DOHaD;	 the	 fetal	

genotype	 directly	 by	 regulating	 fetal	 physiology	 and	 the	 maternal	 genotype	 indirectly	 by	

modulating	the	intrauterine	environment	in	which	the	fetus	develops.		

	

Genetic	variation	within	insulin	and	its	associated	signalling	pathway	is	favoured	as	a	possible	

genetic	 contributor	 underlying	 the	 association	 between	 low	 birth	 weight	 and	 T2DM.		

Hattersley	and	Tooke	(1999)	proposed	the	“fetal	insulin	hypothesis”	as	a	genetic	mechanism	to	

link	 abnormal	 fetal	 growth	and	 subsequent	T2DM.	Recognizing	 the	dual	 roles	of	 insulin	 as	 a	
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fetal	 growth	 factor	 and	 in	 glucose	 homeostasis,	 the	 fetal	 insulin	 hypothesis	 suggests	 that	

genetically	determined	insulin	resistance	results	in	impaired	insulin-driven	growth	in	the	fetus	

(fetal	 growth	 restriction)	 and	 later	 hyperglycaemia	 in	 the	 adult	 (T2DM).	 To	 date,	 no	 such	

genetic	mechanism	 has	 been	 shown	 to	 describe	 the	 relationship	 between	 fetal	macrosomia	

and	subsequent	T2DM.	

	

The	 major	 (C)	 allele	 of	 the	 single	 nucleotide	 polymorphism	 (SNP)	 rs13266634	 within	 the	

SLC30A8	(solute	carrier	family	30	[zinc	transporter]	member	8)	gene	is	associated	with	a	50%	

increased	risk	for	the	development	of	T2DM	in	adult	life	(Sladek,	Rocheleau	et	al	2007).	Similar	

findings	 were	 reproduced	 in	 other	 independent	 genome-wide	 association	 studies	 (Scott,	

Mohlke	 et	 al	 2007;	 Steinthorsdottir,	 Thorleifsson	 et	 al	 2007).	 This	 non-synonymous	 SNP	

encodes	an	arginine	to	tryptophan	substitution	in	the	translated	product	of	SLC30A8,	a	protein	

expressed	 in	 pancreatic	 alpha	 and	 beta	 cells	 that	 is	 responsible	 for	 the	 facilitation	 of	 zinc	

accumulation	within	 intracellular	 insulin-containing	 vesicles.	 This	 zinc	 transporter	 is	 essential	

for	insulin	maturation	and	storage	(Chimienti,	Devergnas	et	al	2004;	Gyulkhandanyan,	Lu	et	al	

2008).	The	rs13266634	C	allele	is	associated	with	reduced	insulin	secretion	(Staiger,	Machicao	

et	al	2007).	Indeed,	46%	of	European	non-diabetic	offspring	of	type	2	diabetics	are	rs13266634	

CC	homozygotes;	they	are	diabetes-prone	and	characterised	by	a	19%	decrease	in	first-phase	

insulin	 release	 following	 an	 intravenous	 glucose	 load	 (Boesgaard,	 Zilinskaite	 et	 al	 2008).	

Counter-intuitively,	 rs13266634	 C	 allele	 is	 associated	 with	 increased	 insulin	 sensitivity,	 as	

opposed	to	 insulin	resistance	that	normally	characterizes	T2DM,	with	C	allele	carrying	type	1	

diabetics	 requiring	 lower	 insulin	 doses	 than	 non-carriers	 to	 maintain	 glycaemic	 control	

(Moosavi,	Seguin	et	al).	In	type	2	diabetics	the	increased	insulin	sensitivity	in	response	to	the	C	

allele	 is	 not	 enough	 to	 overcome	 the	 relative	 insulin	 deficiency	 associated	with	 the	 same	 C	

allele;	hence,	hyperglycaemia	results.	
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The	aim	of	this	study	is	to	explore	the	potential	genetic	relationship	between	fetal	macrosomia	

and	 adult	 T2DM	 by	 examining	 the	 associations	 between	 maternal	 and	 fetal	 genotypes	 of	

rs13266634	and	fetal	growth	trajectories	and	subsequent	glucose	homeostasis	in	young	adult	

offspring.		

	 	

	

8.3 METHODS	

	

8.3.1 Participants	

The	 Western	 Australian	 Pregnancy	 Cohort	 (Raine)	 Study	 has	 been	 described	 in	 detail	

previously	 (Newnham,	 Evans	 et	 al	 1993).	 Briefly,	 between	 1989	 and	 1991,	 2900	 pregnant	

women	 less	 than	18	weeks’	 gestation	at	King	Edward	Memorial	Hospital,	Western	Australia,	

were	enrolled	 into	a	randomized	controlled	trial	 investigating	the	effects	of	serial	ultrasound	

assessment	 during	 pregnancy.	 Participants	 were	 randomized	 to	 one	 of	 two	 groups:	 (1)	

intensive	 ultrasound	 assessment,	 undergoing	 ultrasound	 assessment	 of	 fetal	 biometry	 and	

umbilical	 artery	 blood	 flow	 at	 18,	 24,	 28,	 34,	 and	 38	 weeks’	 gestation;	 or	 (2)	 routine	 care,	

undergoing	 ultrasound	 assessment	 at	 18	weeks’	 gestation	with	 further	 assessments	 only	 as	

clinically	 indicated.	All	participants	provided	written	 informed	consent	 to	 involvement	 in	 the	

study.	 Ethics	 approval	 was	 obtained	 from	 the	 Research	 Ethics	 Committees	 of	 King	 Edward	

Memorial	 Hospital	 and	 Princess	 Margaret	 Hospital,	 Western	 Australia,	 and	 the	 Human	

Research	Ethics	Committee	at	The	University	of	Western	Australia.	

	

Pregnancies	 were	 dated	 by	 last	 menstrual	 period	 or	 by	 ultrasound	 estimated	 gestation	

(approximately	20%)	where	menstrual	dates	were	uncertain	or	there	was	a	greater	than	seven	

day	 discrepancy	 between	 menstrual-	 and	 ultrasound-estimated	 gestation.	 Fetal	 biometric	

assessments	 were	 performed	 by	 trained	 obstetric	 sonographers	 and	 included	 triplicated	

measurements	 of	 fetal	 biparietal	 diameter,	 head	 circumference,	 abdominal	 circumference	
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(AC),	 and	 femur	 length.	Ultrasound	assessments	were	made	available	 to	 clinicians	managing	

prenatal	care.	All	other	aspects	of	prenatal	care	were	standard	between	the	two	study	groups.	

Neonates	were	 assessed	 for	weight	 and	 length	 at	 day	 two	 of	 life,	with	 95%	 of	 assessments	

being	 performed	 by	 a	 single	 midwife	 and	 the	 remainder	 by	 a	 specialist	 paediatrician.	 The	

surviving	offspring	of	the	pregnancies	were	entered	 into	a	 longitudinal	cohort	study	with	the	

aim	of	assessing	the	associations	between	early	life	events	and	adult	health	outcomes.	Follow	

up	 of	 this	 cohort	 continues,	 with	 the	 offspring	 now	 in	 early	 adulthood	

(www.rainestudy.org.au).	

	

Adult	glucose	metabolism	was	assessed	 in	the	offspring	of	 the	cohort	at	age	17	years.	Blood	

samples	were	obtained	after	an	overnight	fast	and	glucose	and	insulin	were	measured.	Insulin	

resistance	was	assessed	using	the	derived	homeostasis	model	assessment	of	insulin	resistance	

(HOMA-IR)	 (Matthews,	Hosker	et	al	 1985).	Blood	collections	were	not	 timed	with	 respect	 to	

the	menstrual	cycle	of	female	participants.	

	

Analyses	in	this	study	were	conducted	upon	the	1,203	mother-fetus	pairs	who	were	unrelated	

singleton	Caucasians	without	significant	congenital	anomalies	who	had	rs13266634	genotype	

available.			

	

8.3.2 Genetics	

DNA	 was	 extracted	 from	 5mL	 samples	 of	 EDTA-anticoagulated	 blood	 collected	 from	 the	

mothers	and	children	at	either	the	14-	or	17-year	follow	up	assessment	using	a	Puregene	DNA	

isolation	kit	based	on	a	simple	salting	out	technique.	Fetal	genotyping	was	performed	on	the	

Illumina	 BeadArray	 Reader	 at	 the	 Center	 for	 Applied	 Genomics	 (Toronto,	 Ontario,	 Canada)	

using	the	Illumina	660-W-Quad	Genome	Wide	Array	(Illumina	Inc.,	San	Diego,	California,	USA)	

using	250ng	of	DNA.	Maternal	genotyping	was	performed	using	the	KASP™	genotyping	assay	at	

KBiosciences	(LGC	Genomics,	Hoddesdon,	Herts,	United	Kingdom).	Genotyping	was	successful	
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in	 more	 than	 95%	 of	 mothers	 and	 offspring.	 Maternal	 and	 offspring	 minor	 (T)	 allele	

frequencies	were	0.308	and	0.310,	respectively,	and	similar	to	the	reported	0.239	of	HapMap-

CEU	and	0.282	of	1000	Genomes.		

	

8.3.3 Statistics	

All	analyses	were	conducted	in	R,	version	2.10.1	(Team	RDC	2009).	Adult	glucose,	insulin,	and	

HOMA-IR	 were	 loge-transformed	 to	 normalize	 their	 right-skewed	 distributions.	 Associations	

with	 rs13266634	 genotype	 were	 assessed	 using	 multivariate	 linear	 regression	 and	 analyses	

were	 adjusted	 for	 body	mass	 index.	 In	 order	 to	 determine	 the	pattern	of	 dominance	of	 the	

rs13266634	alleles,	a	codominant	model	was	first	used	which	demonstrated	that	the	C	allele	

was	 dominant	 over	 the	 T	 allele.	 Subsequent	 analyses	 were	 performed	 using	 C	 dominant	

models,	 comparing	 those	 individuals	 of	 TT	 genotype	 (T2DM	 risk	 allele	 non-carriers,	 9%	 of	

mothers	and	10%	of	offspring)	to	those	of	either	CT	or	CC	genotype	(T2DM	risk	allele	carriers).	

	

Fetal	 AC	 was	 assessed	 as	 the	 best	 descriptor	 of	 fetal	 nutrition	 and	 the	 influence	 of	

hyperglycaemia	 upon	 fetal	 growth	 (Lee,	 Balasubramaniam	 et	 al	 2009).	 Linear	mixed	 effects	

models	of	 longitudinal	AC	were	developed	 including	 random	effects	 terms	 for	 intercept	 and	

gestational	 age.	 Gestational	 age	 was	 centred	 at	 18	 weeks’	 gestation,	 the	 point	 at	 which	 a	

significant	 proportion	 of	 the	 population	 was	 dated	 by	 ultrasound-estimated	 gestation.	

Significant	 covariates	 included	 in	 the	 model	 were	 gestational	 age,	 squared	 gestational	 age,	

maternal	smoking	during	pregnancy,	maternal	age,	height,	and	body	mass	index	at	18	weeks’	

gestation,	fetal	gender,	and	interactions	between	gestational	age	and	maternal	smoking,	fetal	

gender,	and	maternal	height.	

	

	 	



Chapter	8	-	The	fetal	glucose	hypothesis	
	

264	

8.4 RESULTS	

	

8.4.1 Participants	

Analyses	were	 limited	to	unrelated	members	of	 the	Raine	Study	cohort	who	were	Caucasian	

with	 singleton	pregnancies	 and	without	 congenital	 anomalies	 that	may	have	 impacted	upon	

early	 life	growth.	 	 Further,	 the	analysed	population	 required	genotype	data	 for	both	mother	

and	 fetus	and	measures	of	 adult	 glucose	metabolism	 in	 the	offspring.	Demographic	data	 for	

1203	mother-infant	pairs	are	presented	in	Table	8.1.		

	

Table	8.1.	Demographic	characteristics	of	study	population	

	
Demographic	characteristics	 Median	(IQR)	

or	Number	(%)	
Perinatal	characteristics	
Maternal	age	(years)	
Maternal	BMI	(kg/m2)	
Diabetes	during	pregnancy	
Gestational	age	at	delivery	(weeks)	
Birthweight	(g)	
Ponderal	index	(kg/m3)	
Exclusively	breastfed	for	≥6	months	

	
28.0	(24.0,	32.0)	
21.5	(20.0,	23.8)	

75	(5.4%)	
39.7	(38.6,	40.7)	
3410	(3088,	3740)	
27.3	(25.7,	28.9)	
525	(38.1%)	

Adult	metabolic	characteristics	 	
Male	
BMI	(kg/m2)	
Fasting	glucose	(mmol/L)	
Fasting	insulin	(mIU/L)	
HOMA-IR	

712	(51.8%)	
22.2	(20.5,	24.4)	
4.7	(4.5,	5.0)	
7.6	(5.1,	10.9)	
14.1	(9.9,	21.0)	

	

8.4.2 Young	adult	glucose	homeostasis	

The	 rs13266634	 genotype	 was	 significantly	 associated	 with	 markers	 of	 adult	 glucose	

homeostasis	 (Table	 8.2).	 Carriers	 of	 the	 T2DM	 risk	 (C)	 allele	 had	 increased	 fasting	 glucose	

(p=0.032),	 decreased	 fasting	 insulin	 (p<0.001),	 and	 decreased	 insulin	 resistance	 (HOMA-IR,	

p=0.004).	These	associations	remained	significant	after	correction	for	adiposity,	and	were	not	

mediated	 by	 adiposity.	 Further,	 no	 significant	 associations	 were	 identified	 between	

rs13266634	genotype	and	body	mass	index.	



Chapter	8	-	The	fetal	glucose	hypothesis	
	

265	

Table	8.2.	Young	adult	metabolic	associations	with	rs13266634.	

	

	

8.4.3 Fetal	growth	

There	were	significant	associations	between	maternal	and	fetal	rs13266634	genotype	and	fetal	

growth	as	assessed	by	longitudinal	fetal	AC	trajectory	(Table	8.3).	The	T2DM-risk	allele	(C)	was	

associated	with	 increased	fetal	growth,	even	if	only	present	 in	one	member	of	the	maternal-

fetal	 pair.	 Compared	 to	 mother-fetus	 pairs	 without	 the	 risk	 allele	 (TTM/TTF),	 fetuses	 whose	

mothers	were	risk	allele	carriers	(CCM	or	CTM)	underwent	accelerated	abdominal	growth	that	

became	 apparent	 by	 the	 third	 trimester.	 The	 magnitude	 of	 this	 association	 was	 further	

modulated	 by	 fetal	 genotype,	with	 the	 greatest	 increase	 in	 fetal	 growth	 seen	 in	 non-carrier	

fetuses	 from	 carrier	 mothers	 (CTM/TTF;	 0.64	 mm/week,	 p=0.005),	 and	 a	 smaller	 increase	 in	

carrier	 fetuses	 of	 carrier	 mothers	 (CTM/CCF	 and	 CCM/CCF;	 0.50	 mm/week,	 p=0.008).	 By	 38	

weeks’	 gestation,	 these	 altered	 trajectories	 resulted	 in	 increases	 in	 fetal	 AC	 of	 up	 to	 34	

percentiles	 on	 a	 standard	 fetal	 biometry	 charts	 (Hadlock,	 Harrist	 et	 al	 1991)	 (Table	 8.2).	

Analyses	 of	 birth	 weight	 and	 ponderal	 index	 showed	 no	 association	 with	 maternal-fetal	

rs13266634	genotypes,	probably	 reflecting	 the	small	 sample	size	and	 the	small	effect	 size	of	

each	C	allele.	

	

	

rs13266634	genotype*	 Multivariate	analysis†	
(loge-transformed)	

TT	
(9%)	

CT/CC	
(91%)	 Beta	

(95%	CI)	 p	
Median	(IQR)	 Median	(IQR)	

Fasting	insulin	
(mU/L)	

8.53	
(5.26,	11.80)	

7.49	
(4.88,	10.70)	

-0.15	
(-0.24,	-0.06)	 <0.001	

Fasting	glucose	
(mmol/L)	

4.70	
(4.40,	4.90)	

4.71	
(4.50,	5.00)	

0.01	
(0.001,	0.027)	 0.032	

(HOMA-IR	
(mU.mmol/L2)	

1.74	
(1.02,	2.54)	

1.56	
(1.01,	2.30)	

-0.13	
(-0.22,	-0.04)	 0.004	

Body	mass	index	
(kg/m2)	

22.24	
(20.41,	24.25)	

22.22	
(20.03,	24.75)	

0.01	
(-0.02,	0.03)	 0.630	

*	C	is	dominant	wild	type	allele	and	is	also	the	risk	allele	
†	Loge-transformed	and	adjusted	for	body	mass	index	(p<2x10-16	for	each	comparison)	
HOMA-IR	=	homeostasis	model	assessment	of	insulin	resistance	
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Table	8.3.	Associations	between	fetal	growth	and	with	maternal	and	fetal	

rs13266634	genotypes.	Presented	as	(a)	mm/week	for	fetal	abdominal	

circumference	trajectory	and	(b)	estimated	mean	fetal	abdominal	circumference	

at	38	weeks’	gestation	and	corresponding	population	abdominal	circumference	

percentiles.	

	

(a)	Fetal	abdominal	
circumference	trajectory	

Maternal	genotype	
TT	

Protective	alleles	
CT	or	CC	

Risk	allele	carriers	

Fetal	
genotype	

TT	
Protective	alleles	 Reference	 +	0.64	mm/week	

p	=	0.005	
CT	or	CC	

Risk	allele	carriers	
+0.39mm/week	

p	=	0.090	
+	0.50	mm/week	

p	=	0.008	
	

(b)	Median	abdominal	circumference	
estimate	at	38	weeks’	gestation	

Maternal	genotype	
TT	

Protective	alleles	
CT	or	CC	

Risk	allele	carriers	

Fetal	
genotype	

TT	
Protective	alleles	

333.1	mm	
(45th	percentile)	

345.6	mm	
(79th	percentile)	

CT	or	CC	
Risk	allele	carriers	

340.2mm	
(66th	percentile)	

343.0	mm	
(73rd	percentile)	

	

	

	

8.5 DISCUSSION	

	
In	 this	 study	 we	 demonstrated	 that	 the	 T2DM-risk	 allele	 (C)	 of	 rs13266634	 in	 SLC30A8	 is	

associated	 with	 both	 fetal	 growth	 patterns	 and	 adult	 glycaemic	 indices.	 We	 confirmed	 the	

previously	 described	 adult	 associations	 between	 the	 diabetes	 risk	 (C)	 allele	 and	 increased	

fasting	glucose,	decreased	 fasting	 insulin,	and	 increased	 insulin	 sensitivity.	Using	 longitudinal	

modelling	of	fetal	AC	trajectories,	we	demonstrate	significant	alterations	to	fetal	growth	with	

variation	 in	 both	 the	 maternal	 and	 fetal	 rs13266634	 genotype.	 The	 T2DM-risk	 allele,	 when	

carried	by	both	 the	mother	and	 the	 fetus,	was	associated	with	a	 significant	 increase	 in	 fetal	
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abdominal	 growth	 rate,	 leading	 to	 a	 34	percentile	 increase	 in	AC	by	38	weeks’	 gestation	on	

standard	fetal	biometry	charts.		

	

The	association	of	increased	fetal	growth	with	an	established	genetic	variant	that	increases	the	

risk	 of	 T2DM	 in	 later	 life	 is	 in	 contrast	 to	 the	 classic	 DOHaD	 theory	 and	 the	 fetal	 insulin	

hypothesis.	It	is,	however,	consistent	with	more	recent	observations	that	fetal	macrosomia,	in	

addition	to	fetal	growth	restriction,	is	associated	with	adult	T2DM	risk	(Wei,	Sung	et	al	2003).	It	

is	 likely	that	different	mechanisms	underlie	the	associations	between	fetal	growth	and	T2DM	

at	 either	 end	 of	 the	 fetal	 growth	 spectrum.	 We	 propose	 the	 “fetal	 glucose	 hypothesis”,	

outlined	 in	 Figures	 8.1	 and	 8.2,	 whereby	 the	 combination	 of	 maternal	 and	 fetal	 genotypes	

determine	 the	 fetal	 glucose	 level,	 and	 the	 fetal	 insulin	 sensitivity	 determines	 the	 growth	

response	 to	 the	 insulin	 changes	 related	 to	 fetal	 glucose	 levels.	 This	 hypothesis	 requires	

validation	in	future	biological	models.	

	

Fetal	 glucose	 levels	 are	 the	 result	 of	 the	 fetal	 insulin	 response	 to	 the	 load	 of	 actively	

transported	 transplacental	 glucose,	which	 is	 determined	by	 the	maternal	 glucose	 level,	with	

greater	transplacental	glucose	transfer	occurring	in	hyperglycaemic	mothers.	The	fetus	of	the	

hyperglycaemic	mother	must	secrete	increased	amounts	of	insulin	to	cope	with	the	excessive	

glucose	 load,	 with	 increased	 insulin-driven	 fetal	 growth	 resulting	 according	 to	 the	 accepted	

Pedersen	 hypothesis	 (Pedersen	 1952).	 However,	 this	 physiological	 response	 is	 subject	 to	

modification	 by	 the	 fetal	 genome,	 as	 exemplified	 by	 the	 differential	 outcomes	 according	 to	

fetal	 rs13266634	genotype	that	modulates	 the	 fetal	 insulin	 response	 to	glucose	and	also	 the	

fetal	growth	response	to	 insulin.	The	fetal	glucose	hypothesis,	therefore,	 is	a	complementary	

genetic	mechanism	to	the	fetal	insulin	hypothesis,	with	the	former	providing	an	explanation	of	

the	 link	between	fetal	macrosomia	and	subsequent	adult	T2DM	and	the	 latter	between	fetal	

growth	 restriction	 and	 adult	 T2DM.	 Many	 genetic	 variants	 are	 likely	 contribute	 to	 these	
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mechanisms,	with	their	combined	influences	resulting	in	a	U-shaped	curve	to	the	relationship	

between	birth	weight	and	adult	T2DM	risk	as	demonstrated	by	the	epidemiological	data.	

	

	

	
	

Figure	8.1.	Genetic	hypotheses	linking	abnormal	fetal	growth	and	adult	type	2	

diabetes	mellitus.	The	fetal	insulin	hypothesis	suggests	that	genetically	

determined	insulin	resistance	leads	to	reduced	insulin	driven	fetal	growth	and	

adult	glucose	intolerance.	The	fetal	glucose	hypothesis	suggests	that	genetically	

determined	and	therefore	fetal	hyperglycaemia	leads	to	fetal	hyperinsulinemia	

and	increased	fetal	growth	with	subsequent	adult	insulin	deficiency	leading	to	

glucose	intolerance.	
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Figure	8.2.	The	fetal	glucose	hypothesis:	a	proposed	mechanism	linking	the	

rs13266634	type	2	diabetes	risk	(C)	allele	in	the	mother	and	fetus	to	increased	

fetal	growth.	Fetal	hyperglycaemia,	fetal	insulin	hypersensitivity,	and	fetal	

hyperinsulinemia	all	contribute	to	accelerated	fetal	growth.	Fetal	hyperglycaemia	

results	indirectly	from	maternal	genetically-determined	hyperglycaemia	and	

excessive	active	transplacental	glucose	transport.	The	fetal	genotype	determines	

insulin-mediated	fetal	growth	by	influencing	insulin	secretion	(reduced	in	CC	and	

CT	genotypes)	and	insulin	sensitivity	(increased	in	CC	and	CT	genotypes).		

*	TT	fetuses	of	hyperglycaemic	mothers	respond	to	transplacental	hyperglycaemia	

with	increased	insulin	secretion	leading	to	increased	fetal	growth.	The	insulin	

response	of	CC	or	CT	fetuses	of	hyperglycaemic	mothers	is	reduced	by	19%,	hence	

fetal	macrosomia	is	less	marked,	but	is	driven	by	enhanced	insulin	sensitivity.		

**	Offspring	of	diabetic	mothers	are	likely	at	increased	risk	of	T2DM	due	to	the	

environmental	programing	of	hyperglycaemia	during	gestation.	
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This	 study	 highlights	 the	 importance	 of	 assessing	 maternal	 and	 fetal	 genotypes	 when	

investigating	 the	 genetic	 influences	 of	 fetal	 growth.	 Clearly	 both	 genotypes	 play	 important	

roles	 and	 there	 are	 significant	 interactions	 between	 the	 two.	 Assessing	 maternal	 or	 fetal	

genotype	in	isolation	risks	missing	true	associations	where	those	interactions	exist.	

	

A	 limitation	 of	 this	 study	 is	 its	 relatively	 small	 sample	 size	 for	 detecting	 the	 associations	 of	

single	 genetic	 variants	 that,	 individually,	 account	 for	 subtle	 phenotypic	 variation.	 This	 is	

demonstrated	by	the	 lack	of	an	association	between	rs13266634	genotype	and	birth	weight,	

despite	 a	 significant	 association	 with	 AC	 trajectory.	 The	 cross-sectional	 and	 relatively	 crude	

measures	of	birth	weight	and	ponderal	index	require	substantially	larger	sample	sizes	than	this	

study	affords.	The	ability	of	this	study	to	demonstrate	significant	changes	in	growth	relies	upon	

the	increased	statistical	power	of	longitudinal	repeated	fetal	measurements	–	a	unique	feature	

of	 the	Raine	Study.	A	 further	 limitation	of	 this	work	 is	 its	 restriction	 to	Caucasian	 individuals	

due	 to	 a	 lack	 of	 other	 ethnic	 groups	 in	 our	 cohort.	 Further	 work	 among	 other	 ethnic	

populations	 is	 required	 to	 assess	 the	 role	 of	 disease	 risk	 genetic	 variants	 identified	 among	

Caucasians,	and	also	to	identify	variants	unique	to	those	other	populations.	
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8.6 SUMMARY	

	

This	study	links	genetic	variation	known	to	influence	adult	T2DM	risk	with	alterations	in	fetal	

growth.	 Further	 work	 is	 required	 to	 confirm	 the	 molecular	 mechanisms	 underlying	 this	

association.	This	work	demonstrates	a	 role	 for	genetic	 factors,	 in	addition	 to	environmental,	

underlying	some	of	the	observed	link	between	early	life	events	and	adult	health	and	disease.		
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9.1 OVERVIEW	

	

The	metabolic	 syndrome	 is	 of	 global	 importance	 due	 to	 its	 large	 health	 and	 socioeconomic	

burden.	Primary	prevention	 strategies	 centred	on	adult	 lifestyle	modifications,	primarily	diet	

and	exercise	with	the	goal	of	weight	loss,	have	been	poorly	effective	at	stemming	the	tide	of	

this	epidemic.	The	association	between	early	life	factors	and	adult	health	outcomes,	together	

with	the	concept	of	developmental	plasticity,	make	early	life	interventions	possible	as	primary	

prevention	strategies	for	the	metabolic	syndrome	in	the	future.	

	

To	 optimise	 primary	 prevention	 of	 the	 metabolic	 syndrome	 requires	 identification	 of	 those	

individuals	at	greatest	risk	at	birth	or	shortly	after;	however,	there	are	currently	no	screening	

tools	 that	 accurately	 predict	 the	 risk	 of	metabolic	 disease	 early	 enough	 in	 life	 to	 effectively	

capitalise	upon	the	early	life	period	of	peak	developmental	plasticity.	

	

This	 chapter	 describes	 novel	 methodology	 to	 identify	 individuals	 at	 increased	 risk	 of	 adult	

metabolic	 disease	 based	 upon	 their	 genetic	 predisposition.	 The	 metabolic	 syndrome	 is	 a	

genetically	 complex	 condition	 with	many	 variants	making	 small	 contributions	 to	 the	 overall	

phenotype.	 A	 series	 of	 genetic	 risk	 scores	 have	 been	 developed,	 combining	multiple	 known	

disease-risk	 variants	 for	 metabolic	 disease	 outcomes.	 This	 study	 assesses	 the	 capacity	 of	

genetic	 risk	 scores	 to	 stratify	 individuals	 according	 to	 disease	 risk,	 prior	 to	 the	 onset	 of	

traditional	metabolic	risk	factors	and	in	doing	so	assesses	for	interactions	between	genetic	risk	

and	environmental	exposures	which	may	provide	insight	into	future	therapies.	

	

9.1.1 Aims	

The	aims	of	this	chapter	are:		

a) To	develop	a	genetic	risk	score	for	adult	metabolic	disease	based	upon	an	individual’s	

total	burden	of	genomic	variants	known	to	influence	the	risk	of:	
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i. obesity,	

ii. non-alcoholic	fatty	liver	disease,	

iii. insulin	resistance,	and	

iv. the	metabolic	syndrome;	

b) To	relate	the	risk	score	to	the	prevalence	of	these	disease	outcomes;	and	

c) To	 assess	 early	 life	 environmental	 interactions	 with	 genetic	 risk	 scores	 as	 potential	

primary	prevention	interventions.	

	

9.1.2 Hypothesis	

This	 chapter	 addresses	 the	 hypothesis	 that	 a	 genetic	 risk	 score	 will	 accurately	 describe	 an	

individual’s	risk	of	adult	metabolic	disease	and	that	early	life	environmental	factors	will	modify	

this	risk.	
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9.2 INTRODUCTION	

	

The	metabolic	 syndrome,	comprising	obesity,	hypertension,	dyslipidaemia,	 insulin	 resistance,	

and	non-alcoholic	fatty	liver	disease	(NAFLD),	is	a	major	contributor	to	the	worldwide	epidemic	

of	non-communicable	diseases.	In	Western	populations	the	prevalence	now	approaches	40%,	

and	this	represents	a	major	burden	in	terms	of	morbidity,	mortality,	and	economic	costs	(Ford,	

Li	et	al	2010).	

	

There	 is	overwhelming	evidence	that	events	 in	early	 life	 influence	the	risk	of	adult	metabolic	

syndrome	 (Bruce	 and	Hanson	 2010).	 Developmental	 plasticity	 allows	 adverse	 environmental	

influences	 to	program	an	 individual’s	metabolic	 processes	 toward	disease,	 but	 it	 also	 allows	

early	 life	 interventions	to	alter	an	 individual’s	 life	course	disease	trajectory	(Hanson,	Godfrey	

et	al	2011).	Adult	 interventions	aimed	at	 lifestyle	modifications	such	as	diet	and	exercise	are	

effective	for	individuals	(Shaw,	Gennat	et	al	2006;	Galani	and	Schneider	2007;	Ho,	Garnett	et	al	

2013)	but	may	be	difficult	to	maintain	(Dansinger,	Tatsioni	et	al	2007;	Johansson,	Neovius	et	al	

2013;	 Latner,	 Ciao	 et	 al	 2013;	 Latner,	 McLeod	 et	 al	 2013),	 in	 particular	 in	 the	 presence	 of	

insulin	 resistance	 (Kong,	Wuillemin	 et	 al	 2013;	Uysal,	Wolters	 et	 al	 2013),	 and	 to	 date	 have	

been	poorly	effective	 in	addressing	 the	epidemic	of	metabolic	disease	on	a	population	 scale	

(Desroches	 and	 Lamarche	 2007).	 Early	 life	 interventions	 potentially	 have	 the	 capacity	 to	

ameliorate	this	burden	with	primary	prevention	(Lee	and	Park	2013;	Wang	2013).	

	

Primary	 prevention	 strategies	 are	 optimal	when	 targeted	 toward	 those	 at	 significant	 risk	 of	

disease.	Whilst	 the	metabolic	 syndrome	 is	 so	 common	 that	 safe	 and	 simple	 interventions	 in	

the	entire	population	are	still	likely	to	be	cost	effective,	identifying	those	at	high	or	low	risk	of	

disease	allows	 focussed	efforts	 towards	 those	most	 likely	 to	benefit	 and	avoids	unnecessary	

expenditure	on	those	at	low	risk	of	disease	(DeBoer	2013).	
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The	metabolic	syndrome	is	genetically	complex	with	many	genetic	variants	contributing	to	an	

individual’s	phenotype.	Candidate	gene	and	genome-wide	association	studies	have	 identified	

many	variants	associated	with	elements	of	the	metabolic	syndrome.	Assessing	an	individual’s	

complement	 of	 these	 variants	 as	 a	 “genetic	 risk	 score”	 may	 allow	 the	 stratification	 of	 risk	

according	 to	 overall	 genotype.	 Such	 a	 score	 would	 be	 assessable	 in	 early	 life,	 prior	 to	 the	

development	of	other	metabolic	risk	factors,	and	could	allow	the	targeted	implementation	of	

early	life	primary	preventive	strategies	in	those	identified	as	being	at	high	risk.	

	

	

9.3 METHODS	

	

9.3.1 Participants	

This	study	was	conducted	within	the	Western	Australian	Pregnancy	Cohort	(Raine)	Study.	This	

longitudinal	pregnancy	cohort	study	has	been	described	in	detail	previously	(Newnham,	Evans	

et	 al	 1993,	 www.rainestudy.org.au,	 Chapter	 1.6).	 In	 brief,	 2,900	 pregnant	 women	 and	 their	

fetuses	were	enrolled	prior	to	18	weeks’	gestation	at	King	Edward	Memorial	Hospital,	Western	

Australia,	 between	 1989	 and	 1991.	 As	 part	 of	 an	 initial	 randomised	 controlled	 trial,	

participants	were	randomised	to	receive	five	obstetric	ultrasound	assessments	(18,	24,	28,	34,	

and	 38	 weeks)	 or	 a	 single	 ultrasound	 (18	 weeks).	 All	 other	 aspects	 of	 prenatal	 care	 were	

identical	for	all	participants	and	according	to	standard	hospital	protocols	of	the	time,	including	

further	 ultrasound	 assessments	 as	 indicated	 clinically.	 The	 results	 of	 all	 ultrasound	

examinations	 conducted	 as	 part	 of	 the	 study	were	made	 available	 to	 the	 treating	 clinicians.	

Institutional	 ethics	 approval	 and	 participant	 informed	 consent	 were	 obtained.	 Assent	 was	

obtained	 from	 minor	 children	 participants	 at	 the	 14-year	 assessment	 and	 beyond,	 and	

informed	consent	was	obtained	from	these	individuals	upon	reaching	18	years	of	age.	
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Analyses	 in	this	study	were	conducted	upon	a	subset	of	the	original	Raine	Study	participants	

who	were	live	born,	unrelated,	singleton	Caucasians,	without	significant	congenital	anomalies,	

with	relevant	genetic	and	adult	phenotype	data	available.	This	group	included	a	maximum	of	

1,377	participants,	depending	on	the	adult	phenotype	considered.	The	deliberate	exclusion	of	

non-Caucasian	 individuals	 for	 genetic	 analyses	 potentially	 limits	 the	 translation	 of	 results	 to	

non-Caucasian	populations.	

	

9.3.2 Data	collection	and	follow	up	

Detailed	maternal	 and	 paternal	 social	 and	 health	 data	 were	 obtained	 by	 questionnaire	 and	

interview	 at	 18	 and	 34	 weeks’	 gestation.	 All	 infants	 underwent	 detailed	 anthropometry	 at	

birth.	Consenting	participants	were	followed	up	in	an	ongoing	longitudinal	cohort	study,	with	

the	cohort	being	assessed	at	ages	1,	2,	3,	5,	8,	10,	14,	17,	18,	20,	and	23	years.	Relevant	to	this	

study,	 infant	 nutritional	 data	 was	 collected	 at	 ages	 1,	 2,	 and	 3	 years	 including	 duration	 of	

breast	 feeding	 and	 the	 age	 at	 introduction	 of	 food	 or	milk	 other	 than	 breast	milk.	 Detailed	

nutritional	data	were	obtained	at	age	17	by	food	frequency	questionnaire.		

	

Growth	 and	 body	 mass	 index	 were	 assessed	 at	 time	 points	 and	 dual	 energy	 x-ray	

absorptiometry	 assessment	 of	 body	 composition	 was	 performed	 at	 age	 20	 years.	 Fasting	

glucose	 and	 insulin	 were	 measured	 at	 ages	 14,	 17,	 and	 20	 years	 and	 the	 homeostasis	

assessment	model	of	insulin	resistance	(HOMA-IR)	(Matthews,	Hosker	et	al	1985)	was	derived.	

Ultrasound	assessment	of	NAFLD	was	performed	on	a	subset	at	age	17	years	and	data	allowing	

the	 exclusion	 of	 significant	 alcohol-users	 were	 also	 collected	 at	 that	 time.	 The	 ultrasound	

assessment	protocol	has	been	shown	to	correlate	well	with	a	histological	diagnosis	of	NAFLD	

(Hamaguchi,	Kojima	et	al	2007).	

	

Several	 measures	 of	 socio-economic	 status	 were	 gathered	 across	 the	 period	 of	 the	 Raine	

Study,	 including	 household	 incomes,	 levels	 of	 educational	 achievement,	 Socio-economic	
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Indexes	for	Areas	(SEIFA;	Australian	Bureau	of	Statistics,	Canberra,	Australia),	Index	of	Relative	

Socio-economic	 Disadvantage	 (IRSD),	 Index	 of	 Education	 and	 Occupation	 (IEO),	 Index	 of	

Economic	 Resources	 (IER),	 Index	 of	 Relative	 Socio-economic	 Advantage	 and	 Disadvantage	

(IRSAD),	 and	 census	 Collector’s	 District	 (CD2006)	 (Australian	 Bureau	 of	 Statistics,	 Canberra,	

Australia).		

	

DNA	was	obtained	from	peripheral	blood	samples	at	either	age	14	or	17	years.	Genome-wide	

single	nucleotide	polymorphism	 (SNP)	 assessment	was	performed	using	 the	 Illumina	660-W-

Quad	array	(Illumina,	San	Diego,	USA)	at	the	Centre	for	Applied	Genomics	(Toronto,	Canada),	

with	further	genotypes	imputed	against	HapMap	build	26	(International	HapMap	Consortium	

2003)	 and	 subsequently	 against	 the	 1000	 Genomes	 Project	 (The	 1000	 Genomes	 Project	

Consortium,	Abecasis	et	al	2010)	data	to	a	total	of	approximately	2,500,000	SNPs	using	MACH	

software	(Li,	Willer	et	al	2006).		

	

Due	to	the	young	age	of	the	study	cohort	there	were	insufficient	participants	(2%)	who	fulfilled	

standard	diagnostic	criteria	of	the	metabolic	syndrome	(Alberti,	Eckel	et	al	2009)	to	apply	this	

definition,	 therefore,	a	surrogate	definition	was	applied.	 Individuals	were	classified	as	having	

the	metabolic	syndrome	if	they	had	coexistent	features	of	obesity,	dyslipidaemia,	and	insulin	

resistance:	 BMI,	 suprailiac	 skinfold	 thickness,	waist	 circumference,	 or	waist-hip	 ratio	 greater	

than	the	90th	percentile	 for	sex;	 fasting	 low-density	 lipoprotein	cholesterol,	 total	cholesterol,	

or	 triglyceride	greater	 than	 the	90th	percentile	or	 fasting	high-density	 lipoprotein	 cholesterol	

less	than	the	10th	percentile	for	sex;	and	fasting	glucose,	insulin,	or	HOMA-IR	greater	than	the	

90th	percentile.		

	

9.3.3 Statistical	analysis	

Several	descriptors	of	fetal	and	postnatal	growth	were	assessed.	Birth	weight	was	assessed	as	

an	 unadjusted	 measure	 in	 addition	 to	 adjustments	 for	 sex	 and	 gestational	 age	 and	 as	 a	
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proportion	of	expected	birth	weight	as	described	by	Gardosi	et	al	(1992)	and	as	described	by	a	

model	specifically	derived	for	the	Raine	Study	cohort	(Chapter	3).	Linear	mixed	effects	models	

of	power-transformed	prenatal	abdominal	circumference	(AC)	and	log-transformed	estimated	

fetal	 weight	 (EFW)	 were	 derived	 in	 two	 ways:	 firstly,	 adjusting	 for	 sex	 only	 and,	 secondly,	

adjusting	for	maternal	and	fetal	factors	influencing	fetal	growth	trajectories	including	maternal	

height,	age,	and	pre-pregnancy	weight	and	fetal	sex.	Normal	ranges	for	prenatal	AC	and	EFW	

trajectories	were	defined	for	each	individual	with	the	upper	and	lower	limits	of	the	80	percent	

prediction	interval	of	the	linear	mixed	effects	model	corresponding	to	the	respective	predicted	

10th	and	90th	percentiles	of	AC	and	EFW	(Chapter	3).	Suboptimal	fetal	growth	was	defined	as	

AC	or	EFW	below	the	customised	predicted	10th	percentile.	Associations	between	potential	risk	

factors	and	later	life	outcomes	were	compared	using	multivariate	linear	regression	attempting	

to	account	for	potentially	confounding	factors.		All	statistical	analyses	were	performed	using	R,	

version	3.0.1	(R	Foundation	for	Statistical	Computing,	Vienna,	Austria).	

	

9.3.4 Genetic	risk	scores	

A	 literature	 search	 was	 conducted	 which	 identified	 linkage	 disequilibrium-independent	

(R2<0.8)	SNPs	with	robust	associations	with	the	metabolic	phenotypes	of	interest	(109,	62,	and	

96	 SNPs	 for	 obesity,	 NAFLD,	 and	 insulin	 resistance,	 respectively).	 Associations	 were	 sought	

between	these	SNPs	and	their	corresponding	phenotypes	in	the	Raine	Study	cohort	at	age	17	

years,	including:	1)	body	mass	index	and	suprailiac	skin	fold	thickness	as	descriptors	of	obesity;	

2)	 serum	 alanine	 aminotransferase,	 serum	 aspartate	 aminotransferase,	 and	 ultrasound-

diagnosed	 NAFLD	 as	 descriptors	 of	 NAFLD;	 and	 3)	 fasting	 glucose,	 insulin,	 and	 HOMA-IR	 as	

descriptors	of	insulin	resistance.	Multivariate	models	were	utilised	to	minimise	confounding	by	

environmental	factors	such	as	sex	and	adiposity.	SNPs	were	modelled	according	to	an	additive	

inheritance	pattern.	
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Those	SNPs	found	to	be	nominally	associated	(p<0.05)	with	a	relevant	phenotype	in	the	Raine	

Study	 cohort	were	 used	 to	 create	 a	 risk	 score	 for	 each	 of	 obesity	 (Table	 9.1),	NAFLD	 (Table	

9.2),	and	 insulin	resistance	(Table	9.3).	For	each	SNP,	the	major	 (wild-type)	allele	was	scored	

zero,	a	minor	allele	associated	with	an	increased	disease	risk	was	scored	+1,	and	a	minor	allele	

associated	with	a	decreased	disease	risk	was	scored	-1.	In	this	way,	each	SNP	could	potentially	

score	between	 -2	 (two	protective	minor	alleles)	and	+2	 (two	adverse	minor	alleles).	The	 risk	

score	 for	 each	 phenotype	 represents	 the	 sum	 of	 scores	 for	 each	 SNP	 relating	 to	 that	

phenotype,	denoted	“FL	Risk	Score”	for	NAFLD,	“OB	Risk	Score”	for	obesity,	and	“IR	Risk	Score”	

for	insulin	resistance.	An	overall	“Met	Risk	Score”	represents	the	sum	of	the	three	phenotype	

scores.		

	

Individuals	were	stratified	according	to	genetic	risk	scores.	Those	with	risk	scores	in	the	lower	

quartile	 were	 considered	 low	 risk,	 those	 in	 the	 second	 and	 third	 quartiles	 were	 considered	

moderate	 risk,	 and	 those	 in	 the	 upper	 quartile	 were	 considered	 high	 risk.	 Correlations	

between	 genetic	 risk	 scores	 and	 adolescent	 metabolic	 phenotypes	 were	 assessed	 using	

Pearson’s	correlation	coefficient,	r.	

	

9.3.5 Gene-environment	interactions	

Interaction	 terms	 were	 included	 in	 the	multivariate	models	 in	 order	 to	 define	 relationships	

between	 genetic	 risk	 scores	 and	 environmental	 exposures.	 In	 particular,	 interactions	 were	

sought	between	genetic	risk	scores	and	nutrition	during	infancy	and	adolescence.	
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Table	9.1.	Single	nucleotide	polymorphisms	included	in	obesity	risk	score.	

Associations	with	17-year	obesity	phenotypes.	

SNP	 Gene	region	 Association	 Reference	
Body	mass	index	 %	

changea	
95%	CI	 p	 	

rs9939609	
rs2295490	
rs7593730	
rs1799884	
rs1447352	
rs1153188	
rs11634397	
rs2986971	
rs1973993	
rs10783050	
rs10938397	
rs999943	

rs10844154	
rs7138803	
rs9315632	
rs12324805	
rs1805081	

FTO	
TRIB3	
RBMS1	
GCK	

MTNR1B	
THADA	
ZFAND6	
FDFT1	

Intergenic	
Intergenic	
GNPDA1	
ITPR3	
BICD1	
FAIM2	
STOML3	
MGAT1	
NPC1	

2.4	
8.8	
3.4	
2.6	
2.0	
2.7	
3.0	
-2.3	
-3.0	
2.4	
2.7	
-2.6	
2.7	
2.5	
3.0	
-2.0	
2.2	

(0.5,	4.4)	
(3.7,	14.1)	
(1.1,	5.8)	
(0.2,	5.1)	
(0.1,	3.9)	
(0.5,	4.9)	
(0.4,	5.6)	
(-4.0,	-0.5)	
(-4.8,	-1.3)	
(0.5,	4.3)	
(0.8,	4.5)	
(-4.6,	-0.5)	
(0.8,	4.7)	
(0.6,	4.4)	
(0.6,	5.4)	
(-3.8,	0.0)	
(0.3,	4.1)	

0.014	
0.001	
0.004	
0.035	
0.034	
0.017	
0.023	
0.011	
0.001	
0.014	
0.004	
0.016	
0.005	
0.010	
0.013	
0.045	
0.022	

(Willer,	Speliotes	et	al	2009)	
(Gong,	Wang	et	al	2009)	
(Qi,	Cornelis	et	al	2010)	

(Weedon,	Clark	et	al	2006)	
(Sabatti,	Service	et	al	2009)	
(Zeggini,	Scott	et	al	2008)	
(Voight,	Scott	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	

(Thorleifsson,	Walters	et	al	2009)	
(Thorleifsson,	Walters	et	al	2009)	

(Willer,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Johansson,	Marroni	et	al	2010)	
(Heard-Costa,	Zillikens	et	al	2009)	

(Zabaneh	and	Balding	2010)	
(Willer,	Speliotes	et	al	2009)	

(Meyre,	Delplanque	et	al	2009)	
Suprailiac	skinfold	thickness	 	 	 	 	

rs9939609	
rs2295490	
rs7593730	
rs17036101	
rs13081389	
rs10440833	
rs6931514	
rs1799884	
rs564398	
rs1153188	
rs2066219	
rs11634397	
rs1529093	
rs1973993	
rs10783050	
rs6548238	
rs10938397	
rs1049353	
rs806381	
rs6454674	
rs297325	

rs10844154	

FTO	
TRIB3	
RBMS1	
SYN2	

SYN2/PPARG	
CDKAL1	
CDKAL1	
GCK	

CDKN2A/B	
DCD	

Intergenic	
ZFAND6	
Intergenic	
Intergenic	
Intergenic	
TMEM18	
GNPDA1	
CNR1	
CNR1	
CNR1	
SOX6	
BICD1	

8.6	
40.7	
11.2	
22.8	
21.9	
-7.4	
-7.5	
14.0	
7.3	
9.4	
-7.3	
12.5	
8.5	
-8.2	
9.5	
-10.3	
7.0	
-7.3	
-8.8	
-9.0	
10.7	
7.2	

(1.4,	16.3)	
(19.1,	66.4)	
(2.5,	20.7)	
(7.1,	40.8)	
(6.4,	39.7)	
(-14.1,	-0.1)	
(-14.1,	-0.2)	
(4.5,	24.3)	
(0.3,	14.7)	
(0.8,	18.6)	
(-14.0,	0.0)	
(2.4,	23.6)	
(1.5,	16.0)	
(-14.2,	-1.9)	
(2.3,	17.1)	
(-18.3,	-1.6)	
(0.3,	14.2)	
(-13.7,	-0.3)	
(-15.3,	-1.8)	
(-15.4,	-2.2)	
(0.3,	22.2)	
(0.2,	14.7)	

0.019	
0.000	
0.011	
0.003	
0.004	
0.047	
0.043	
0.003	
0.041	
0.031	
0.050	
0.014	
0.017	
0.012	
0.009	
0.021	
0.041	
0.040	
0.014	
0.011	
0.044	
0.045	

(Willer,	Speliotes	et	al	2009)	
(Gong,	Wang	et	al	2009)	
(Qi,	Cornelis	et	al	2010)	
(Zeggini,	Scott	et	al	2008)	
(Voight,	Scott	et	al	2010)	
(Voight,	Scott	et	al	2010)	
(Zeggini,	Scott	et	al	2008)	
(Weedon,	Clark	et	al	2006)	
(Zeggini,	Weedon	et	al	2007)	
(Zeggini,	Scott	et	al	2008)	

(Meigs,	Manning	et	al	2007)	
(Voight,	Scott	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	

(Thorleifsson,	Walters	et	al	2009)	
(Thorleifsson,	Walters	et	al	2009)	

(Willer,	Speliotes	et	al	2009)	
(Willer,	Speliotes	et	al	2009)	

(Dinu,	Popa	et	al	2009)	
(Dinu,	Popa	et	al	2009)	
(Dinu,	Popa	et	al	2009)	
(Liu,	Pei	et	al	2009)	

(Johansson,	Marroni	et	al	2010)	
a	Outcome	variables	log-transformed	for	analysis	due	to	non-normal	distribution	and	therefore	effect	size	
described	as	percentage	change	from	reference.	
Multivariate	model	includes	ponderal	index	at	birth	and	sex	as	covariates.	
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Table	9.2.	Single	nucleotide	polymorphisms	included	in	non-alcoholic	fatty	liver	

disease	(NAFLD)	risk	score.	Associations	with	adolescent	NAFLD	and	serum	

transaminase	levels	at	age	17	years.	

SNP	 Gene	region	 Association	 Reference	
Serum	alanine	
aminotransferase	

%	
changea	

95%	CI	 p	 	

rs10497721	
rs4457053	
rs12779790	
rs1529093	
rs3814055	
rs12488820	
rs2472671	
rs2049953	
rs1836127	
rs6548238	
rs2023239	
rs806381	
rs7908975	
rs992990	

rs12295638	
rs925946	
rs6265	

rs10146997	

TMEFF2	
ZBED3-AS1	
CAMK1D	
Intergenic	
NR1I2	
NR1I2	
NR1I2	

ALDH8A1	
LOC643339	
TMEM18	
CNR1	
CNR1	
GAD2	
GAD2	
MUC15	
BDNF	
BDNF	
NRXN3	

-7.4	
9.6	
-5.6	
5.4	
4.9	
5.2	
7.9	
-6.0	
-6.0	
-7.4	
6.2	
-5.1	
-9.0	
5.1	
-9.9	
5.9	
-6.0	
-6.0	

(-13.9,	-0.4)	
(4.0,	15.4)	
(-10.7,	-0.1)	
(0.6,	10.3)	
(0.2,	9.9)	
(0.5,	10.1)	
(1.7,	14.4)	
(-10.6,	-1.2)	
(-10.1,	-1.7)	
(-13.0,	-1.3)	
(0.0,	12.8)	
(-9.8,	-0.2)	
(-16.3,	-1.1)	
(0.0,	10.4)	
(-17.0,	-2.2)	
(0.9,	11.1)	
(-11.4,	-0.3)	
(-10.8,	-0.8)	

0.039	
0.001	
0.047	
0.026	
0.043	
0.030	
0.012	
0.016	
0.006	
0.018	
0.049	
0.041	
0.027	
0.049	
0.013	
0.019	
0.041	
0.023	

(Meigs,	Manning	et	al	2007)	
(Voight,	Scott	et	al	2010)	
(Zeggini,	Scott	et	al	2008)	
(Chalasani,	Guo	et	al	2010)	

(Sookoian,	Castano	et	al	2010)	
(Sookoian,	Castano	et	al	2010)	
(Sookoian,	Castano	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	
(Willer,	Speliotes	et	al	2009)	

(Dinu,	Popa	et	al	2009)	
(Dinu,	Popa	et	al	2009)	

(Choquette,	Lemieux	et	al	2009)	
(Choquette,	Lemieux	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Thorleifsson,	Walters	et	al	2009)	

(Friedel,	Horro	et	al	2005)	
(Heard-Costa,	Zillikens	et	al	2009)	

Serum	aspartate	
aminotransferase	

	 	 	 	

rs7659604	
	

rs10486607	
rs1799884	

rs328	
	
	
	

rs1153188	
rs2877832	
rs11071657	
rs2499604	
rs343064	

rs12344488	
rs584805	
rs2216228	
rs1836127	
rs10938397	
rs1458095	

TMEM155	
	

CRH	
GCK	
LPL	
	
	
	

THADA	
Intergenic	
ADRA2A	
Intergenic	
Intergenic	
PCSK5	

Intergenic	
ST8SIA1	

LOC643339	
GNPDA1	
Intergenic	

3.15	
	

4.33	
-3.46	
-4.05	

	
	
	

3.94	
-4.07	
-3.02	
3.61	
-3.12	
5.03	
-4.15	
-3.64	
-3.33	
-3.01	
4.80	

(0.54,	5.82)	
	

(0.77,	8.03)	
(-6.59,	-0.22)	
(-7.86,	-0.09)	

	
	
	

(0.83,	7.15)	
(-7.75,	-0.24)	
(-5.67,	-0.29)	
(1.06,	6.23)	
(-5.81,	-0.35)	
(0.07,	10.23)	
(-6.90,	-1.32)	
(-6.67,	-0.52)	
(-5.71,	-0.89)	
(-5.40,	-0.57)	
(0.24,	9.56)	

0.018	
	

0.017	
0.037	
0.046	

	
	
	

0.013	
0.038	
0.031	
0.006	
0.028	
0.047	
0.004	
0.023	
0.008	
0.016	
0.039	

(Wellcome	Trust	Case	Control	
Consortium	2007)	

(Meigs,	Manning	et	al	2007)	
(Weedon,	Clark	et	al	2006)	

(Diabetes	Genetics	Initiative	of	
Broad	Institute	of	Harvard	MIT	

Lund	University,	Novartis	Institutes	
of	BioMedical	Research	et	al	2007)	

(Zeggini,	Scott	et	al	2008)	
(Meigs,	Manning	et	al	2007)	

(Dupuis,	Langenberg	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	

	
(Chalasani,	Guo	et	al	2010)	
(Chalasani,	Guo	et	al	2010)	
(Willer,	Speliotes	et	al	2009)	

(Johansson,	Marroni	et	al	2010)	
a	Outcome	variables	log-transformed	for	analysis	due	to	non-normal	distribution	and	therefore	effect	size	
described	as	percentage	change	from	reference.	
Multivariate	model	includes	suprailiac	skinfold	thickness	and	sex	as	covariates.	
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Table	9.2	(cont.).		Single	nucleotide	polymorphisms	included	in	non-alcoholic	fatty	

liver	disease	(NAFLD)	risk	score.	Associations	with	17-year	NAFLD	and	serum	

transaminase	levels.	

SNP	 Gene	
region	

Association	 Reference	

Non-alcoholic	fatty	liver	
disease	

Odds	
ratio	

95%	CI	 p	 	

rs9939609	
rs1545	

rs6133922	
rs6077785	
rs11708067	
rs1495377	

	
rs4680	

rs2986971	
rs7946	

rs643608	
rs1973993	
rs1435703	
rs374748	

rs10485170	
rs4471028	
rs7474896	
rs7895833	
rs2765086	
rs9315632	
rs2145270	

FTO	
MKKS	
MKKS	
MKKS	
ADCY5	
TSPAN8	

	
COMT	
SVIL	
PEMT	

Intergenic	
Intergenic	
RARB	
FBN2	
CNR1	
GDAP1	
ZNF248	
SIRT1	

Intergenic	
STOML3	
BMP2	

1.41	
1.63	
1.74	
0.73	
0.67	
1.56	
	

0.68	
0.75	
1.41	
1.42	
0.68	
2.13	
0.50	
1.52	
0.73	
0.54	
0.62	
2.02	
1.42	
0.73	

(1.06,	1.88)	
(1.11,	2.41)	
(1.05,	2.89)	
(0.54,	0.99)	
(0.46,	0.97)	
(1.18,	2.06)	

	
(0.51,	0.91)	
(0.57,	0.99)	
(1.04,	1.90)	
(1.07,	1.89)	
(0.51,	0.90)	
(1.32,	3.44)	
(0.29,	0.85)	
(1.00,	2.30)	
(0.55,	0.97)	
(0.34,	0.85)	
(0.43,	0.90)	
(1.20,	3.41)	
(1.03,	1.98)	
(0.54,	0.98)	

0.017	
0.013	
0.032	
0.042	
0.035	
0.002	

	
0.010	
0.041	
0.027	
0.017	
0.008	
0.002	
0.010	
0.049	
0.031	
0.008	
0.012	
0.008	
0.034	
0.036	

(Willer,	Speliotes	et	al	2009)	
(Hotta,	Nakamura	et	al	2009)	
(Hotta,	Nakamura	et	al	2009)	
(Hotta,	Nakamura	et	al	2009)	

(Dupuis,	Langenberg	et	al	2010)	
(Wellcome	Trust	Case	Control	

Consortium	2007)	
(Kring,	Werge	et	al	2009)	
(Chalasani,	Guo	et	al	2010)	

	
(da	Costa,	Kozyreva	et	al	2006)	
(Thorleifsson,	Walters	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	

(Dinu,	Popa	et	al	2009)	
(Fox,	Heard-Costa	et	al	2007)	
(Cotsapas,	Speliotes	et	al	2009)	
(Zillikens,	van	Meurs	et	al	2009)	
(Johansson,	Marroni	et	al	2010)	
(Zabaneh	and	Balding	2010)	
(Willer,	Speliotes	et	al	2009)	

Multivariate	model	includes	suprailiac	skinfold	thickness	and	sex	as	covariates.	
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Table	9.3.	Single	nucleotide	polymorphisms	included	in	insulin	resistance	risk	

score.	Associations	with	17-year	fasting	glucose,	insulin,	and	HOMA-IR.	

SNP	 Gene	region	 Association	 Reference	

Fasting	glucose	 %	
changea	 95%	CI	 p	 	

rs560887	
rs563694	
rs1799884	
rs896854	
rs7072268	
rs12243326	
rs11605924	
rs1387153	
rs2166706	
rs10830963	
rs1447352	
rs2066219	
rs1836127	
rs10485170	
rs1927702	
rs10458787	

G6PC2	
G6PC2	
GCK	

TP53INP1	
HK1	

TCF7L2	
FADS1	
MTNR1B	
MTNR1B	
MTNR1B	
MTNR1B	
Intergenic	
LOC643339	

CNR1	
Intergenic	
Intergenic	

-1.2	
-1.3	
3.3	
1.0	
-1.1	
1.2	
1.0	
2.1	
1.0	
2.7	
-1.4	
1.4	
-1.1	
2.0	
-1.0	
1.3	

(-2.2,	-0.2)	
(-2.2,	-0.3)	
(2.0,	4.6)	
(0.0,	2.0)	
(-2.1,	-0.2)	
(0.1,	2.3)	
(0.0,	2.0)	
(1.1,	3.2)	
(0.0,	2.0)	
(1.6,	3.9)	
(-2.3,	-0.4)	
(0.3,	2.6)	
(-2.0,	-0.2)	
(0.4,	3.6)	
(-2.0,	0.0)	
(0.2,	2.5)	

0.018	
0.010	
0.000	
0.043	
0.019	
0.039	
0.041	
0.000	
0.044	
0.000	
0.006	
0.012	
0.023	
0.014	
0.046	
0.027	

(Sabatti,	Service	et	al	2009)	
(Chen,	Erdos	et	al	2008)	

(Weedon,	Clark	et	al	2006)	
(Voight,	Scott	et	al	2010)	
(Pare,	Chasman	et	al	2008)	
(Saxena,	Voight	et	al	2007)	

(Dupuis,	Langenberg	et	al	2010)	
(Bouatia-Naji,	Bonnefond	et	al	2009)	

(Chambers,	Zhang	et	al	2009)	
(Dupuis,	Langenberg	et	al	2010)	
(Sabatti,	Service	et	al	2009)	
(Meigs,	Manning	et	al	2007)	
(Chalasani,	Guo	et	al	2010)	
(Dinu,	Popa	et	al	2009)	

(Johansson,	Marroni	et	al	2010)	
(Liu,	Medland	et	al	2010)	

Fasting	insulin	 	 	 	 	
rs9939609	
rs17036101	
rs13081389	

rs5215	
rs11634397	

rs4680	
rs1822825	
rs1435703	
rs999943	
rs2274459	
rs7209395	

FTO	
SYN2	

SYN2/PPARG	
KCNJ11	
ZFAND6	
COMT	
PPARG	
RARB	
ITPR3	
MLN	

CCDC46	

7.6	
-13.3	
-12.7	
-8.9	
15.2	
9.9	
-8.0	
23.1	
-7.6	
8.8	
-9.0	

(0.2,	15.5)	
(-24.2,	-0.8)	
(-23.7,	-0.2)	
(-15.1,	-2.2)	
(4.1,	27.5)	
(2.4,	18.0)	
(-14.1,	-1.5)	
(7.0,	41.7)	
(-14.5,	-0.1)	
(0.1,	18.3)	
(-15.8,	-1.6)	

0.044	
0.038	
0.048	
0.010	
0.007	
0.009	
0.016	
0.004	
0.048	
0.047	
0.018	

(Willer,	Speliotes	et	al	2009)	
(Zeggini,	Scott	et	al	2008)	
(Voight,	Scott	et	al	2010)	

(Zeggini,	Weedon	et	al	2007)	
(Voight,	Scott	et	al	2010)	
(Kring,	Werge	et	al	2009)	
(Chen,	Lee	et	al	2009)	

(Cotsapas,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Johansson,	Marroni	et	al	2010)	

Homeostasis	model	assessment	
of	insulin	resistance	(HOMA-IR)	 	 	 	 	

rs9939609	
rs17036101	
rs13081389	
rs9465871	

	
rs5215	

rs11634397	
rs4680	

rs9977253	
rs1822825	
rs1435703	
rs999943	
rs2274459	
rs7209395	

FTO	
SYN2	

SYN2/PPARG	
CDKAL1	

	
KCNJ11	
ZFAND6	
COMT	

Intergenic	
PPARG	
RARB	
ITPR3	
MLN	

CCDC46	

8.0	
-15.3	
-14.6	
-8.7	
	

-9.1	
15.7	
10.4	
8.9	
-8.7	
22.0	
-8.8	
9.1	
-8.2	

(0.5,	16.0)	
(-26.0,	-3.0)	
(-25.4,	-2.2)	
(-16.5,	-0.1)	

	
(-15.4,	-2.4)	
(4.0,	28.7)	
(2.8,	18.5)	
(1.1,	17.5)	
(-14.8,	-2.2)	
(5.9,	40.6)	
(-15.7,	-1.4)	
(0.3,	18.7)	
(-15.1,	-0.6)	

0.036	
0.017	
0.023	
0.048	

	
0.009	
0.008	
0.007	
0.026	
0.010	
0.006	
0.021	
0.042	
0.034	

(Willer,	Speliotes	et	al	2009)	
(Zeggini,	Scott	et	al	2008)	
(Voight,	Scott	et	al	2010)	

(Wellcome	Trust	Case	Control	
Consortium	2007)	

(Zeggini,	Weedon	et	al	2007)	
(Voight,	Scott	et	al	2010)	
(Kring,	Werge	et	al	2009)	
(Chalasani,	Guo	et	al	2010)	

(Chen,	Lee	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Cotsapas,	Speliotes	et	al	2009)	
(Johansson,	Marroni	et	al	2010)	

a	Outcome	variables	 log-transformed	 for	analysis	due	 to	non-normal	distribution	and	 therefore	effect	 size	
described	as	percentage	change	from	reference.	
Multivariate	model	includes	body	mass	index	and	sex	as	covariates.	
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9.4 RESULTS	

	

9.4.1 Participants	

Analyses	were	limited	to	the	subset	of	the	Raine	Study	cohort	who	were	unrelated	Caucasian	

singletons,	 without	 congenital	 anomalies	 which	may	 have	 impacted	 upon	 early	 life	 growth,	

with	 genetic	 data	 available.	 This	 included	 1377	 individuals,	 of	 whom	 51.7%	 were	 male.	 Of	

these,	 879	 individuals	 (50.5%	male)	 had	 complete	data	 for	NAFLD	analyses,	 including	 a	 liver	

ultrasound	at	age	17	years,	and	1351	(51.9%	male)	individuals	had	complete	data	for	glucose	

homeostasis	 analyses,	 including	 fasting	 serum	 glucose	 and	 insulin	 measurements	 at	 age	 17	

years.	

	

9.4.2 Genetic	risk	scores	

Of	109	SNPs,	62	SNPs,	and	96	SNPs	were	found	in	the	literature	to	be	associated	with	obesity,	

NAFLD,	and	glucose	homeostasis	phenotypes,	respectively.	Of	these,	29	SNPs,	52	SNPs,	and	29	

SNPs,	 respectively,	were	 successfully	genotyped	or	 imputed	and	were	nominally	 significantly	

associated	 with	 relevant	 phenotypes	 in	 the	 Raine	 Study	 at	 age	 17	 years.	 These	 nominally	

significant	SNPs	were	used	to	derive	the	Raine	Obesity,	NAFLD,	and	Insulin	Resistance	Scores.	

All	risk	scores	were	normally	distributed,	with	ranges	-10	to	+18	for	the	OB	Risk	Score,	-19	to	

+14	 for	 the	FL	Risk	Score,	and	-12	 to	+14	the	 for	 IR	Risk	Score	 (Figure	9.1).	All	were	strongly	

positively	correlated	with	their	respective	phenotypes:	OB	Risk	Score	with	median	BMI	(r=0.74,	

p=2x10-5),	 FL	Risk	 Score	with	proportion	of	NAFLD	 (r=0.68,	 p=3x10-5),	 and	 IR	Risk	 Score	with	

median	fasting	serum	glucose	(r=0.85,	p=9x10-8).	The	overall	Met	Risk	Score	was	also	normally	

distributed,	 with	 range	 -24	 to	 +29,	 and	 was	 significantly	 correlated	 with	 the	 proportion	 of	

metabolic	 syndrome	 (r=0.54,	 p=6x10-5,	 Figure	 9.2).	 Figure	 9.3	 describes	 the	 prevalence	 of	

metabolic	disease	outcomes	between	genetically	high	risk	and	low	risk	individuals.	
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Figure	9.1.	Distributions	of	phenotype	risk	scores	(bars)	and	corresponding	

phenotypic	measures	(points).	(a)	Obesity	Risk	Score	and	median	body	mass	

index.	(b)	NAFLD	Risk	Score	and	proportion	of	population	with	NAFLD.	(c)	Insulin	

Resistance	Risk	Score	and	median	fasting	glucose	(mmol/L).	
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Figure	9.2.	Distribution	of	the	metabolic	syndrome	risk	score	(bars)	and	corresponding	

proportion	of	metabolic	syndrome	(points).	

	

	
	

Figure	9.3.	Prevalence	of	metabolic	disease	phenotypes	at	age	17	years	in	high	risk	(upper	

quartile	of	genetic	risk	score)	and	low	risk	(lower	quartile	risk	score)	individuals.	Metabolic	

syndrome	defined	as	coexistent	obesity,	dyslipidaemia,	and	insulin	resistance.	Obesity	defined	

as	body	mass	index	above	90th	percentile	for	sex.	NAFLD	=	non-alcoholic	fatty	liver	disease	

diagnosed	at	ultrasound.	Hyperglycaemia	defined	as	fasting	glucose	above	90th	percentile.	 	
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9.4.3 Early	life	environmental	risk	factors	and	adult	outcomes	

Associations	 between	 early	 life	 growth	 and	 environmental	 descriptors	 showed	 little	

association	with	adolescent	metabolic	phenotypes	in	univariate	analyses	(Table	9.4).	Early	life	

growth	 was	 described	 by	 various	 methods	 including	 gross	 birth	 weight,	 proportion	 of	

customised	 predicted	 birth	 weight	 (Raine	 model	 and	 Gardosi	 model),	 dichotomous	 fetal	

macrosomia	 (birth	 weight	 or	 third	 trimester	 abdominal	 circumference	 greater	 than	 90th	

percentile),	 dichotomous	 fetal	 growth	 restriction	 (birth	 weight	 or	 abdominal	 circumference	

less	 than	 90th	 percentile),	 ponderal	 index	 at	 birth,	 and	 weight	 gain	 in	 the	 first	 year	 of	 life	

proportional	to	birth	weight.	

	

9.4.4 Genetic	risk	scores	and	adult	outcomes	

The	risk	scores	for	the	individual	phenotypes	were	all	strongly	associated	with	their	respective	

adult	outcomes	 (Table	9.5).	For	example,	a	one	standard	deviation	 increase	above	the	mean	

Met	 Risk	 Score	 conferred	 an	 11%	 increased	 risk	 of	 metabolic	 syndrome	 (p=0.002),	 a	 26%	

increased	risk	of	NAFLD	(p=8x10-9),	a	1.01kg/m2	increase	in	BMI	(p=1x10-12),	and	a	0.08mmol/L	

increase	 in	 fasting	glucose	 (p=1x10-4).	 	As	expected,	 the	risk	scores	 for	each	phenotype	were	

most	strongly	associated	with	their	respective	adult	outcome	measures.	The	OB	Risk	Score	was	

strongly	associated	with	all	measures	of	adiposity.	By	contrast,	the	IR	Risk	Score	was	strongly	

associated	with	 increasing	 fasting	glucose	but	 less	strongly	with	an	 increase	 in	 fasting	 insulin	

and	not	significantly	with	HOMA-IR.		

	

The	genetic	risk	scores	accounted	for	substantial	variance	in	phenotypic	outcomes	(Table	9.6).	

For	example,	the	OB	Risk	Score	accounted	for	9.4%	of	variance	in	age	17	BMI	compared	with	

0.3%	 for	birth	weight,	 1.5%	 for	breastfeeding,	 and	a	 total	 of	 2.0%	 for	 socioeconomic	 status,	

diet,	and	exercise	combined.	The	IR	Risk	Score	accounted	for	5.2%	of	variance	in	age	17	fasting	

glucose	and	the	FL	Risk	Score	accounted	for	3.1%	of	variance	in	age	17	serum	ALT.	
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Table	9.6.	Variance	explained	by	covariates	in	multivariate	models	of	metabolic	parameters	at	

age	17	years.	

	 Variance	explained	by	covariate	
Covariate	 Body	mass	

index	
Fasting	blood	

glucose	
Serum	alanine	

aminotransferase	
Risk	score	a	 9.4%	 5.2%	 3.1%	
Birth	weight	 0.3%	 <0.1%	 <0.1%	
Socioeconomic	status	 1.7%	 <0.1%	 0.6%	
Adolescent	diet	 0.3%	 <0.1%	 0.3%	
Adolescent	exercise	 <0.1%	 0.3%	 <0.1%	
Breastfeeding	 1.5%	 <0.1%	 0.3%	
Sex	 0.1%	 4.6%	 3.1%	
a	Risk	score	assessed:	OB	Risk	Score	for	BMI,	IR	Risk	Score	for	fasting	glucose,	FL	
Risk	Score	for	ALT	

	

	

9.4.5 Gene-environment	interactions	

Multivariate	 analyses	 demonstrated	 significant	 gene-environment	 interactions	 in	 the	

associations	 between	 genetic	 susceptibility	 to	 disease	 and	 the	 phenotypic	 manifestation	 of	

that	 risk.	 In	 particular,	 exclusive	 breastfeeding	 in	 infancy	 was	 associated	 with	 a	 significant	

reduction	in	NAFLD	and	obesity,	with	greatest	benefit	in	those	at	highest	genetic	risk	being	in	

the	 upper	 quartiles	 of	 FL	 Risk	 Score	 or	 OB	 Risk	 Score	 (Tables	 9.7	 and	 9.8).	 	 For	 example,	

exclusive	breastfeeding	for	at	least	six	months	was	associated	with	an	82%	reduction	in	NAFLD	

prevalence	among	those	high-risk	individuals	with	FL	Risk	Score	in	the	upper	quartile	(OR	0.18,	

p=0.003).	 Adolescent	 lifestyle	 factors	 also	 had	 some	 influence	 upon	 disease	 risk.	 A	 healthy	

adolescent	diet	was	associated	with	a	non-significant	62%	reduction	in	NAFLD	risk	in	those	at	

highest	 genetic	 predisposition	 (OR	 0.38,	 p=0.071);	 however,	 adolescent	 exercise	 was	 not	

associated	 with	 a	 reduction	 in	 NAFLD	 (Figure	 9.4).	 Healthy	 adolescent	 diet	 and	 exercise	

behaviours	 were	 associated	 with	 a	 reduction	 in	 obesity	 overall	 without	 an	 interaction	 with	

genetic	risk	(Figure	9.5).	There	were	no	significant	interactions	between	the	genetic	risk	scores	

and	either	birth	weight	or	ponderal	index	in	their	associations	with	adult	metabolic	outcomes.	
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Table	9.7.	Multivariate	regression	model	for	factors	associated	with	non-alcoholic	fatty	liver	

disease	at	age	17	years.	

Covariate	 Odds	ratio	(95%	CI)	 p	
Male	sex	 0.52	(0.31,	0.86)	 0.012	
Suprailiac	skinfold	thickness	(per	cm)	 1.40	(1.39,	1.42)	 3.97x10-13	
Ponderal	index	(per	unit)	 0.88	(0.80,	0.97)	 0.008	
FL	Risk	Score	in	upper	quartile	 5.26	(2.36,	11.75)	 5.10x10-5	
Exclusive	breastfeeding	6	months	 1.40	(0.76,	2.57)	 0.275	
Healthy	adolescent	diet	 1.42	(0.77,	2.62)	 0.266	
Socioeconomic	status	 0.71	(0.71,	0.71)	 0.017	
Adolescent	exercise	(per	hour	per	week)	 0.97	(0.81,	1.15)	 0.726	
FL	Risk	Score	upper	quartile	*	breastfeeding	 0.18	(0.06,	0.57)	 0.003	
FL	Risk	Score	upper	quartile	*	healthy	diet	 0.38	(0.13,	1.09)	 0.071	

	

Table	9.8.	Multivariate	regression	model	for	factors	associated	with	obesity	at	age	17	years.	

Covariate	 Odds	ratio	(95%	CI)	 p	
Male	sex	 0.63	(0.46,	0.86)	 0.004	
OB	Risk	Score	in	upper	quartile	 3.51	(2.36,	5.22)	 5.94x10-10	
Exclusive	breastfeeding	3	months	 1.10	(0.75,	1.61)	 0.641	
Socioeconomic	status	 0.84	(0.70,	1.00)	 0.057	
Adolescent	exercise	(per	hour	per	week)	 0.87	(0.78,	0.98)	 0.018	
Healthy	adolescent	diet	 0.80	(0.58,	1.09)	 0.153	
OB	Risk	Score	upper	quartile	*	breastfeeding	 0.45	(0.23,	0.86)	 0.017	
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Figure	9.4.	Prevalence	of	non-alcoholic	fatty	disease	according	to	early	life	and	adolescent	

environmental	influences.		

(a)	Genetically	low	risk	individuals.	(b)	Genetically	high	risk	individuals.	*	p<0.05	
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Figure	9.5.	Prevalence	of	obesity	according	to	early	life	and	adolescent	environmental	

influences.		

(a)	Genetically	low	risk	individuals.	(b)	Genetically	high	risk	individuals.	*	p<0.05	
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9.5 DISCUSSION	

	

Genetic	 risk	 scores	 have	been	developed	which	 identify	 individuals	 at	 significantly	 increased	

risk	of	adult	metabolic	disease.	These	risk	scores	are	better	able	to	identify	at-risk	individuals	

than	 various	measures	of	 early	 life	 growth.	 Further,	 I	 have	demonstrated	 gene-environment	

interactions	 which	 suggest	 that	 genetically	 high	 risk	 individuals	 may	 benefit	 more	 than	

genetically	low	risk	individuals	from	specific	interventions	to	primarily	prevent	adult	metabolic	

disease.		

	

Primary	prevention	strategies	for	metabolic	disease	will	necessarily	be	directed	towards	large	

numbers	of	people	given	the	high	prevalence	of	 these	conditions	 in	our	population.	This	will	

involve	 large	economic	expenditure	and	potentially	 impose	a	significant	 logistic	burden	upon	

society.	Targeting	interventions	to	those	at	highest	risk	will	reduce	unnecessary	intervention	in	

those	individuals	who	are	genetically	not	destined	to	develop	metabolic	disease.		

	

Whilst	early	life	growth	is	clearly	an	important	marker	of	the	underlying	programming	of	later	

life	metabolic	disease	at	a	population	level,	it	is	poorly	discriminative	at	an	individual	level.	This	

relates	 to	 the	extension	of	programming	 influences	 throughout	 the	normal	 range	of	growth;	

the	majority	of	 individuals	at	risk	of	metabolic	disease	related	to	early	 life	 influences	still	 fall	

within	 the	normal	growth	 range	 (Symonds,	Mendez	et	al	2013)	as	 is	demonstrated	 in	Figure	

9.6,	where	a	substantial	proportion	of	those	who	go	on	to	become	obese	by	early	adulthood	

fall	within	 the	normal	birth	weight	 range.	 Targeting	 interventions	at	 those	 individuals	 at	 the	

extremes	 of	 growth	may	 prevent	 the	 burden	 of	 disease	 in	 that	minority	 of	 the	 population;	

however,	 the	 majority	 of	 those	 at	 risk	 will	 not	 be	 identified.	 Genetic	 risk	 predictions,	 by	

contrast,	 perform	 significantly	 better	 than	 early	 life	 growth	 measures	 in	 identifying	 at	 risk	

individuals	 (Figure	 9.7).	 The	 OB	 Risk	 Score,	 for	 example,	 explains	 30	 times	 as	 much	 of	 the	

variance	 in	 age	 17	 BMI	 than	 birth	 weight.	 Stratifying	 individuals	 by	 genetic	 risk	 score,	
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therefore,	would	allow	targeting	of	interventions	at	a	smaller	number	of	people	who	stand	to	

benefit	 more	 from	 a	 reduction	 in	 risk,	 maximising	 cost-benefit	 and	 preventing	 unnecessary	

intervention	in	those	with	inherently	low	disease	predisposition.		

	

	

	
Figure	9.6.	Birth	weight	by	gestational	age	at	birth	for	those	individuals	who	go	on	to	be	obese	

at	age	20	years.	Black	lines	indicate	10th	and	90th	percentiles	for	birth	weight.	
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Figure	9.7.	Risk	of	adult	obesity	by	birth	weight	category	or	genetic	risk	score.	*	p<0.05	

	

The	 discovery	 of	 gene-environment	 interactions	 has	 significant	 implications	 for	 primary	

prevention	 strategies	 through	 the	 identification	 of	 potential	 interventions.	 Exclusive	

breastfeeding	was	 found	 to	 be	 of	 greatest	 benefit	 in	 the	 reduction	 of	 adolescent	 NAFLD	 in	

those	 at	 highest	 genetic	 risk,	 in	 whom	 it	 was	 associated	 with	 a	 three-fold	 reduction	 in	

prevalence	 from	 31%	 to	 10%.	 In	 low	 risk	 individuals,	 there	 was	 no	 significant	 benefit	 from	

breastfeeding	 with	 the	 prevalence	 of	 8.8%	 and	 8.3%	 among	 non-exclusively	 breastfed	 and	

exclusive	breastfed	 individuals,	respectively.	An	 intervention	to	 increase	the	rate	of	exclusive	

breastfeeding	for	six	months	 in	genetically	high-risk	 individuals	could	potentially	prevent	one	

case	of	NAFLD	for	every	five	extra	breastfed	infants.	Such	an	intervention,	however,	would	be	

of	 no	NAFLD	 benefit	 in	 a	 low	 risk	 population.	Whilst	 there	 are	many	 compelling	 reasons	 to	

support	 exclusive	 breastfeeding,	 in	 settings	 with	 limited	 resources	 it	 would	 be	 prudent	 to	

target	interventions	at	those	most	likely	to	benefit.		

	

The	 genetic	 risk	 appeared	 to	 be	 independent	 of	 any	 effect	 upon	 early	 life	 growth,	 with	 no	

significant	 interaction	 between	 these	 two	 factors	 for	 any	 adult	 metabolic	 outcome.	 This	
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suggests	that	the	apparent	benefit	of	exclusive	breastfeeding	in	genetically	high	risk	individuals	

involves	mechanisms	other	than	alteration	of	postnatal	“catch	up”	growth.		This	is	in	keeping	

with	 the	 recent	 notion	 that	 the	more	 complex	micronutrient	 and	 hormonal	 composition	 of	

breastmilk	 and	 their	 effects	 upon	 metabolic	 programming	 may	 be	 important	 (Singhal	 and	

Lanigan	2007)	in	addition	to	the	macronutrient	influence	over	infant	growth	(Rzehak,	Grote	et	

al	2013;	Michaelsen	and	Greer	2014).		

	

These	 data	 lend	 clinical	 evidence	 to	 the	 concept	 of	 developmental	 plasticity.	 Exclusive	

breastfeeding	was	found	to	have	a	more	substantial	impact	upon	the	risk	of	developing	adult	

metabolic	 disease	 than	 the	 later	 life	 environmental	 factors	 of	 healthy	 diet	 and	 exercise	

behaviours.	 In	 order	 to	 institute	 early	 life	 prevention	 strategies,	 identification	 of	 risk	 at	 the	

earliest	 possible	 time	 is	 crucial.	 Traditional	 metabolic	 risk	 factors	 such	 as	 overweight	 and	

impaired	 glucose	 tolerance	 cannot	 be	 identified	 early	 enough	 in	 life	 to	 target	 early	

interventions.	 Genetic	 risk	 scores,	 by	 contrast	 could	 rapidly	 be	 applied	 at	 birth	 with	

contemporary	 rapid	 genotyping	 technologies,	 identifying	 those	 individuals	 who	may	 benefit	

from	enhanced	breastfeeding	support	 in	 the	neonatal	period.	Emerging	 techniques	 to	assess	

fetal	 genotype	 from	 cell-free	 fetal	 DNA	 in	 the	 maternal	 circulation	 are	 likely	 to	 make	 non-

invasive	prenatal	identification	of	high	risk	individuals	feasible.	

	

Another	interesting	finding	of	this	work	is	the	lack	of	an	association	between	IR	Risk	Score	and	

HOMA-IR.	The	SNPs	contributing	to	the	IR	Risk	Score	were	all	robustly	associated	with	glucose	

homeostasis	phenotypes	 such	as	T2DM,	 fasting	glucose	and	 insulin,	HOMA-IR,	HOMA-B,	and	

glucose	tolerance	testing.	This	contradicts	the	suggestion	that	T2DM	is	a	disease	primarily	of	

insulin	resistance	and	support	the	notion	that,	as	discussed	in	Chapter	8,	some	SNPs	associated	

with	T2DM	may	involve	mechanisms	other	than	insulin	resistance.	

	



Chapter	9	-	The	Raine	Risk	Score	
	

299	

The	 strength	of	 this	 study	 lies	 in	 the	detailed	 and	 longitudinal	 phenotypic	 data	of	 the	Raine	

Study,	 allowing	 the	 direct	 assessment	 of	 the	 influences	 of	 early	 life	 environmental	 impacts	

upon	later	 life	health.	The	wealth	of	data	allows	adjustment	for	confounding	factors	but	also	

exploration	 of	 the	 complex	 interactions	 between	 individual	 factors.	 In	 addition	 to	 high	

resolution	 genomic	 data,	 this	 cohort	 allows	 the	 study	 of	 genetic	 contributions	 to	 complex	

diseases,	and	the	interaction	of	genes	and	the	environment	in	disease	pathogenesis.	

	

This	 study	 is	 limited	 in	 its	 external	 validity.	 The	 Raine	 Study,	 and	 in	 particular	 the	 subset	

included	 in	 genetic	 studies,	 is	 heavily	 biased	 toward	 Caucasian	 participants.	 The	 genetic	

contributions	to	complex	metabolic	phenotypes	such	as	T2DM,	NAFLD,	and	obesity	are	 likely	

to	vary	substantially	across	ethnic	groups,	limiting	the	extent	to	which	this	work	can	be	applied	

to	non-Caucasian	populations.	 It	 is	 likely,	however,	 that	many	of	the	variants	of	relevance	to	

Caucasians	 will	 also	 be	 relevant	 to	 other	 ethnicities,	 and	 this	 work	 is	 able	 to	 inform	 such	

studies.	
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9.6 SUMMARY	

	

The	use	of	genetic	risk	scores	appears	feasible	in	the	identification	of	individuals	who	may	be	

the	 targets	 of	 early	 life	 interventions	 for	 the	primary	prevention	of	 adult	metabolic	 disease.	

Genetic	risk	assessment	could	be	applied	at	or	even	before	birth	such	that	interventions	may	

make	the	most	of	the	peak	period	of	developmental	plasticity	in	the	postnatal	period.	

	

Identification	 of	 exclusive	 breastfeeding	 as	 beneficial	 in	 reducing	 adult	metabolic	 disease	 in	

those	at	highest	risk	suggests	this	as	a	simple	intervention	which	may	be	applied.	In	the	25%	of	

the	population	at	greatest	risk	of	non-alcoholic	fatty	liver	disease,	exclusive	breastfeeding	can	

reduce	the	risk	of	disease	three-fold,	to	levels	similar	to	those	at	lowest	genetic	risk.	For	every	

five	extra	infants	who	are	exclusively	breastfed	for	six	months,	one	case	of	this	disease	could	

be	 prevented	 by	 age	 17	 years,	 with	 likely	 even	 greater	 benefit	 at	 later	 ages	 where	 the	

background	disease	prevalence	is	likely	to	be	higher.	

	

Future	 efforts	 should	 aim	 to	 address	 the	 clinical	 feasibility	 of	 introducing	 risk	 screening	 and	

individually	 targeted	 breastfeeding	 support,	 to	 identify	 screening	 tools	 for	 other	 diseases	

amenable	to	early	life	modification	of	risk,	and	to	identify	interventions	which	ameliorate	that	

risk.	 Additionally,	 similar	 studies	 are	 required	 in	 populations	 of	 various	 ethnicities,	 in	whom	

the	 genomic	 contributors	 to	 complex	 metabolic	 disease	 phenotypes	 are	 likely	 to	 vary	

substantially.	
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10.1 OVERVIEW	

	

The	 metabolic	 syndrome	 is	 a	 condition	 of	 enormous	 global	 importance	 given	 its	 major	

associated	 morbidity,	 mortality,	 and	 socioeconomic	 burden.	 Efforts	 to	 halt	 its	 increasing	

prevalence	 with	 lifestyle	 and	 nutritional	 modifications,	 whilst	 potentially	 efficacious	 for	

individuals,	 have	 not	 been	 successful	 on	 a	 population	 scale.	 Secondary	 prevention	 of	 the	

associated	 morbidity	 and	 mortality	 in	 metabolic	 syndrome	 sufferers	 is	 similarly	 ineffective,	

with	high	rates	of	morbidity	persisting	despite	treatment	of	hypertension,	dyslipidaemia,	type	

2	diabetes	mellitus	(T2DM),	and	obesity.	The	key	to	reducing	this	morbidity	will	 likely	remain	

primary	prevention	of	the	metabolic	syndrome,	with	a	requirement	for	novel	approaches.	

	

The	 Developmental	 Origins	 of	 Health	 and	 Disease	 (DOHaD)	 paradigm	 holds	 that	 early	 life	

events	 shape	 an	 individual’s	 adult	 health.	 There	 is	 a	 large	 body	 of	 evidence	 from	

epidemiological	observations,	 animal	experiments,	 and	human	genetic	association	 studies	 to	

support	 this	 concept.	 The	phenomenon	of	 developmental	 plasticity,	whereby	 an	 individual’s	

early	 life	 exposures	 determine	 their	 metabolic	 processes	 which	 then	 remain	 set	 into	

adulthood,	provides	a	mechanistic	explanation	of	how	these	associations	may	occur.	But	it	also	

represents	an	opportunity	to	 intervene	therapeutically	 in	order	to	alter	an	at-risk	 individual’s	

trajectory	away	from	adult	disease	and	toward	health.	This	may	be	the	new	approach	to	the	

primary	 prevention	 of	 the	 metabolic	 syndrome	 that	 is	 required	 to	 reverse	 the	 currently	

increasing	prevalence.	

	

Any	 new	 primary	 prevention	 intervention	 requires	 the	 capacity	 to	 identify	 individuals	 at	

particular	 risk	 of	 the	 condition.	 These	 individuals	 are	 those	 most	 likely	 to	 benefit	 from	

interventions,	and	targeting	 interventions	 in	this	way	optimises	resource	allocation	to	deliver	

greatest	 population	 benefit	 at	 minimal	 expense.	 Risk	 factors	 for	 the	 metabolic	 syndrome	

include	 family	 history	 and	 trends	 to	 the	 composite	 conditions	 not	 meeting	 the	 diagnostic	
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criteria,	 such	 as	 mild	 overweight,	 mild	 hypertension,	 and	 mild	 dyslipidaemia.	 The	 high	

prevalence	 of	 the	 metabolic	 syndrome	 renders	 most	 of	 the	 population	 positive	 for	 family	

history,	 limiting	the	clinical	utility	of	 this	risk	 factor	 in	targeting	 interventions	and	the	clinical	

risk	 factors	 are	 not	 present	 early	 enough	 in	 life	 to	 direct	 interventions	 taking	 advantage	 of	

developmental	plasticity.	Genetic	prediction	offers	a	method	of	risk	stratification	which	could	

be	applied	at	any	point	in	life	including,	thanks	to	emerging	technologies	of	non-invasive	fetal	

genotyping,	before	birth.	This	thesis	has	described	the	development	of	such	an	approach.	

	

There	 are	 several	 challenges	which	must	 be	met	 before	 early	 life	 primary	prevention	of	 the	

metabolic	 syndrome	becomes	 a	 clinical	 reality.	 The	 greatest	 of	 these	will	 be	 developing	 the	

therapeutic	interventions	to	modulate	risk.	Whilst	in	the	future	there	are	likely	to	be	molecular	

advances	identifying	specific	therapies	based	on	the	concept	of	personalised	medicine,	in	the	

shorter	 term	 it	 may	 be	 that	 more	 simple	 interventions	 are	 of	 benefit.	 Such	 a	 simple	

intervention	 might	 include	 optimising	 infant	 nutrition	 and	 promotion	 of	 the	 benefits	 of	

breastfeeding	 in	 infants	 identified	 as	 being	 at	 high	metabolic	 risk.	 Other	 challenges	 include	

refinement	 of	 prediction	 tools,	 expansion	 of	 the	 range	 of	 disease	 phenotypes	 targeted,	 and	

the	widespread	implementation	of	new	intervention	programs.		

	

Although	there	is	still	significant	work	to	be	done,	there	is	evidence	so	far	to	support	an	early	

life	 prevention	 approach	 conceptually.	 With	 adequate	 support	 and	 multidisciplinary	

collaborative	approaches	to	further	research,	there	is	great	potential	for	early	life	intervention	

to	be	the	new	approach	to	turn	the	tide	of	the	metabolic	syndrome	pandemic.	
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10.2 THE	PROBLEM	

	

The	metabolic	 syndrome,	 comprising	 the	 constellation	 of	 obesity,	 hypertension,	 atherogenic	

dyslipidaemia,	 and	 insulin	 resistance,	 is	 of	 increasing	worldwide	 prevalence	 due	 to	multiple	

social	 structural	 changes:	 urbanisation	 and	economic	 transition	 in	Asia,	 increasing	 sedentary	

work	and	behaviour,	dietary	caloric	excess,	and	population	ageing	(Misra	and	Khurana	2008;	

Kaur	 2014).	 Although	 the	 estimated	 prevalence	 varies	 widely	 according	 to	 the	 population	

evaluated	and	the	diagnostic	criteria	used	(Desroches	and	Lamarche	2007),	 in	general	among	

Western	 populations	 the	 prevalence	 is	 now	 around	 40%	 (Ford,	 Li	 et	 al	 2010).	 It	 has	 been	

estimated	that	by	2020	the	metabolic	syndrome	will	account	for	half	of	the	global	burden	of	

disease	and	 represent	a	major	public	health	 issue	 in	most	 countries	of	 the	world	 (Nicholson	

2004).	Furthermore,	there	are	enormous	economic	burdens	of	treatment	and	lost	productivity	

which	our	world	economy	must	bear	(Saha,	Carlsson	et	al	2013).	

	

Preventing	 the	 morbidity	 and	 mortality	 associated	 with	 the	 metabolic	 syndrome	 has	 been	

difficult	at	a	population	 level.	Despite	common	underlying	pathophysiology	there	 is	currently	

no	 effective	 treatment	 for	 the	 condition	 as	 a	whole.	 Lifestyle	modifications	 aim	primarily	 to	

reduce	 visceral	 obesity	 with	 added	 benefit	 derived	 from	 the	 amelioration	 of	 the	 adverse	

endocrine	effects	of	adipocytokines	and	 insulin	 resistance	 (Expert	Panel	on	the	 Identification	

Evaluation	 and	 Treatment	 of	 Overweight	 and	 Obesity	 in	 Adults	 1998).	Whilst	 these	may	 be	

effective	for	individuals	(Shaw,	Gennat	et	al	2006;	Galani	and	Schneider	2007;	Ho,	Garnett	et	al	

2013)	they	have	not	been	able	to	reverse	the	increasing	prevalence	of	the	metabolic	syndrome	

overall.	Those	lifestyle	interventions	which	are	successful	involve	a	multidisciplinary	approach	

and	 are	 therefore	 labour	 intensive,	 whereas	 attempts	 at	 providing	 less	 intensive	 lifestyle	

interventions	have	generally	proved	ineffective	even	at	an	individual	level	(Norris,	Zhang	et	al	

2005;	Orozco,	Buchleitner	et	al	2008;	Yamaoka	and	Tango	2012;	Soares	and	de	Sousa	2013).	

	



Chapter	10	–	Summary	and	conclusions	
	

305	

	Pharmacological	 interventions	 aim	 at	 secondary	 prevention	 of	 ischaemic	 cardiovascular	

events	 and	 T2DM	 by	 aggressive	 treatment	 of	 hypertension,	 dyslipidaemia,	 and	

hyperglycaemia.	These	interventions	are	indicated	in	those	who	fail	to	respond	adequately	to	

lifestyle	modifications,	but	are	often	 initiated	as	a	 first	 line	as	 it	 is	easier	 than	 implementing	

the	 comprehensive	 and	 multidisciplinary	 approach	 required	 for	 successful	 lifestyle	

modification.	Whilst	 these	drug	 therapies	are	effective	 in	 reversing	metabolic	changes	 in	 the	

system	 which	 they	 target,	 they	 do	 not	 address	 the	 underlying	 pathophysiology	 of	 the	

metabolic	 syndrome,	 leaving	 progressive	 disease	 in	 the	 other	 systems,	 and	 are	 therefore	

ultimately	ineffective	(Kaur	2014).	

	

Bariatric	 surgery	 is	 an	 effective	 treatment	 for	 the	 metabolic	 syndrome,	 with	 substantial	

reductions	 in	 component	 and	 related	 disorders	 including	 obesity,	 hypertension,	 T2DM,	

obstructive	sleep	apnoea,	and	non-alcoholic	fatty	liver	disease	(Sjostrom,	Lindroos	et	al	2004).	

However,	this	approach	is	not	without	significant	potential	morbidity	and	mortality	of	its	own	

(Wolfe	and	Morton	2005)	and	 is	only	available	 in	high	 resource	 settings.	 It	 is,	 therefore,	not	

the	solution	to	the	metabolic	syndrome	problem	worldwide.	

	

Given	 the	 lack	 of	 success	 of	 these	 lifestyle,	medical,	 and	 surgical	 approaches	 in	 abating	 the	

increasing	prevalence	of	metabolic	disease,	it	is	apparent	that	new	approaches	to	solving	this	

problem	are	required.		
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10.3 THE	WINDOW	OF	OPPORTUNITY	

	

10.3.1 The	Developmental	Origins	of	Health	and	Disease	

The	seminal	observations	of	Kermack	(1934)	and	Forsdahl	(1977)	of	the	associations	between	

the	 early	 life	 environment	 and	 adult	 disease,	 followed	 on	 by	 the	 major	 expansion	 of	 this	

concept	 by	 Barker	 and	 colleagues	 (Barker	 and	 Osmond	 1986b;	 Barker	 and	 Osmond	 1987b;	

Barker	and	Osmond	1987a;	Barker	1988;	Barker	and	Martyn	1992;	Barker	2007),	led	ultimately	

to	the	formulation	of	the	DOHaD	hypothesis	 (Gluckman	and	Hanson	2004b).	The	notion	that	

environmental	 influences	 have	 the	 capacity	 to	 modulate	 an	 individual’s	 long	 term	 health	

opens	 the	 door	 for	 early	 life	 interventions	 aimed	 at	 preventing	 later	 life	 disease	 (Campbell,	

Conti	et	al	2014;	Shenderov	and	Midtvedt	2014).	

	

10.3.2 Developmental	plasticity	

Developmental	plasticity	was	first	described	as	a	concept	explaining	the	capacity	for	recovery	

from	 neurological	 injuries	 in	 young	 animals	 still	 undergoing	 neurodevelopment	 (Goldman	

1972).	 This	 was	 applied	 to	 non-neurological	 situations	 in	 DOHaD	 in	 order	 to	 explain	 the	

experimentally	 observed	 physiological	 programming	 by	 early	 life	 environmental	 factors	 but	

not	 by	 the	 same	 factors	 applied	 in	 later	 life	 (Figure	10.1)	 (Hanson,	Godfrey	 et	 al	 2011).	 It	 is	

used	to	explain	how	fetal	responses	to	an	adverse	intrauterine	environment	become	ingrained	

in	 an	 individual’s	 metabolism	 and	 how	 later	 environmental	 influences	 do	 not	 alter	 this	

programmed	 metabolic	 configuration.	 It	 is	 this	 developmental	 plasticity	 which	 may	 be	

exploited,	 however,	 by	 the	 introduction	 of	 therapeutic	 environmental	 perturbations	 in	 the	

early	life,	with	the	aim	of	determining	an	individual’s	metabolic	trajectory	toward	adult	health.	

In	this	way,	the	early	life	period	–	preconception,	prenatal,	neonatal,	and	infancy	–	provides	a	

unique	window	of	opportunity	to	intervene	to	determine	an	individual’s	lifelong	health.	
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10.3.3 Identification	of	individuals	at	risk	

The	 application	 of	 early	 life	 prevention	 requires	 identification	 of	 individuals	 at	 risk	 of	 the	

disease	of	concern.	With	respect	to	the	metabolic	syndrome,	this	is	prior	to	the	development	

of	any	traditional	risk	factors.	The	work	presented	in	this	thesis	describes	the	development	of	a	

novel	approach	to	such	identification.	

	

	

	

	

Figure	10.1.	Developmental	plasticity.		

(Source:	Hanson,	Godfrey	et	al	2011)	

	

10.3.3.1 Fetal	growth	restriction	and	macrosomia	

Both	 fetal	 growth	 restriction	 and	 fetal	macrosomia,	 described	 by	 low	 and	 high	 birth	weight	

respectively,	are	associated	with	an	 increased	risk	of	 later	 life	metabolic	disease	(Figure	8.2).	

This	 results	 in	a	U-shaped	curve	describing	 the	 relationship	between	birth	weight	and	T2DM	

risk,	 with	 individuals	 at	 both	 ends	 of	 the	 birth	 weight	 spectrum	 at	 increased	 risk	 of	 adult	
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disease.	 Birth	 weight	 is	 a	 relatively	 poor	 descriptor	 of	 intrauterine	 growth:	 it	 is	 highly	

influenced	 by	 such	 variables	 as	 gestational	 age	 at	 birth,	 ethnicity,	maternal	 anthropometric	

characteristics,	fetal	gender,	and	parity	(Gardosi,	Chang	et	al	1992)	and	it	also	fails	to	take	into	

account	the	difference	between	lean	mass	and	adiposity.		

	

	

Figure	10.2.	Type	2	diabetes	mellitus	risk	by	birth	weight.	

(Source:	Wei,	Sung	et	al	2003)	

	

Assessment	of	an	individual’s	birth	weight	with	reference	to	a	customised	standard	as	opposed	

to	 a	 population	 standard	 may	 improve	 the	 association	 with	 adverse	 perinatal	 outcomes	

(Clausson,	Gardosi	et	al	2001;	Gelbaya	and	Nardo	2005;	Ego,	Subtil	et	al	2006;	Gardosi	2006;	

Gardosi,	Clausson	et	al	2009;	Narchi	and	Skinner	2009;	Narchi,	Skinner	et	al	2010)	although	this	

is	 disputed	 by	 other	 authors	 (Hutcheon,	 Zhang	 et	 al	 2008;	 Hutcheon,	 Walker	 et	 al	 2011;	

Hutcheon,	Zhang	et	al	2011;	Costantine,	Mele	et	al	2013).	It	 is	more	clear,	however,	that	any	
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assessment	 of	 birth	weight	 is	 poor	 at	 predicting	medium-	 to	 long-term	adverse	 associations	

with	 fetal	 growth	abnormalities	 (Chapter	 4;	 	Neta,	Grewal	 et	 al	 2011;	Charkaluk,	Marchand-

Martin	et	al	2012).	

	

Other	 parameters	 offer	 better	 descriptions	 of	 fetal	 growth	 than	 birth	 weight.	 Ultrasound-

derived	 fetal	 abdominal	 circumference	 (AC),	 for	 example,	 is	 more	 representative	 of	 fetal	

nutrition	than	head	circumference	or	femur	length,	which	better	describe	fetal	skeletal	growth	

(Lee,	 Balasubramaniam	 et	 al	 2009).	 AC	 is	 more	 sensitive	 for	 the	 detection	 of	 small	 for	

gestational	 age	 fetuses	 than	 weight	 (Chang,	 Robson	 et	 al	 1992).	 AC,	 as	 for	 birth	 weight,	 is	

subject	to	the	influence	of	multiple	variables.	Chapter	3	of	this	thesis	described	customisation	

of	AC	for	these	contributors,	but	this	did	not	improve	the	ability	to	predict	an	individual’s	risk	

of	later	life	disease.	It	should	be	borne	in	mind	that	this	lack	of	association	may	be	a	feature	of	

the	young	cohort	with	a	low	prevalence	of	overt	metabolic	disease.	

	

It	 appears	 that	 no	 current	 assessment	 of	 fetal	 growth	 is	 of	 sufficient	 predictive	 power	 to	

determine	 which	 individuals	 would	 potentially	 benefit	 from	 early	 life	 primary	 prevention	

interventions.	 Given	 that	 DOHaD	 observations	 are	 associated	 with	 fetal	 growth	 changes	

extending	 to	within	 the	“normal”	 range,	 it	 is	 logical	 that	 the	bulk	of	 individuals	 subjected	 to	

early	 life	 programming	 influences	 would	 not	 fall	 outside	 of	 the	 normal	 growth	 range,	 and	

therefore	 could	 not	 be	 identified	 as	 candidates	 for	 early	 life	 interventions	 by	 assessment	 of	

their	intrauterine	growth.		

	

10.3.3.2 Genetic	risk	

The	Human	Genome	Project	 has	 given	 rise	 to	 candidate	 gene	 and	 genome-wide	 association	

studies	which	have	provided	 insight	 into	 the	contributions	of	genomic	variants	 to	genetically	

complex	disease	phenotypes.	For	example,	over	100	distinct	single	nucleotide	polymorphisms	

(SNPs)	have	been	associated	with	adult	obesity	phenotypes	(Chapter	6).		
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10.3.3.2.1 Predictive	capacity	

Assessment	 of	 an	 individual’s	 total	 burden	 of	 these	 risk-alleles	 allows	 stratification	 of	 the	

population	 into	 low-,	 moderate-,	 and	 high-risk	 groups	 (Chapter	 9).	 For	 example,	 individuals	

within	 the	 upper	 quartile	 of	 adverse	 obesity-risk	 alleles	 have	 a	 1.9	 times	 increased	 risk	 of	

obesity	by	age	20	compared	to	the	remaining	population,	and	2.3	times	compared	to	those	in	

the	lower	quartile	(Chapter	9).		

	

10.3.3.2.2 Relevance	to	early	life	interventions	

Predictive	 capacity	 alone	 does	 not	 mean	 that	 genetic	 risk	 scores	 are	 appropriate	 for	

determining	 suitability	 for	 early	 life	 interventions.	 The	 included	 variants	 were	 identified	

through	 their	 associations	 with	 adult	 phenotypes;	 however,	 it	 may	 be	 that	 the	

pathophysiology	 underlying	 these	 adult	 associations	 are	 not	 at	 play	 in	 the	 early	 life	 and,	

therefore,	that	early	life	interventions	may	not	influence	these	associations.	

	

The	 relevance	 of	 genetic	 risk	 prediction	 based	 upon	 adult	 risk	 alleles	 is	 supported	 by	 the	

association	of	these	variants	with	early	life	phenotypes.	The	work	presented	in	Chapters	5	to	8	

of	this	thesis	provides	such	support.	Using	the	leptin	and	leptin	receptor	genes	as	candidates	

for	 a	 genetic	 role	 in	 DOHaD,	 it	 was	 found	 that	 genomic	 variation	 within	 these	 genes	 was	

associated	with	alterations	to	fetal	growth	trajectories,	but	the	role	of	these	polymorphisms	in	

adult	disease	phenotypes	was	less	clear,	 likely	related	to	the	young	age	at	assessment	of	the	

cohort	 (Chapter	 5).	 Extending	 this	 methodology	 to	 a	 larger	 number	 of	 SNPs	 and	metabolic	

pathways	and	employing	analysis	of	the	contributing	and	interacting	roles	of	the	maternal	and	

fetal	genotypes	suggested	that	approximately	90%	of	SNPs	with	demonstrated	adult	metabolic	

disease	 associations	 also	 had	 significant	 fetal	 growth	 associations	 (Chapter	 7).	 This	 suggests	

that	 those	 genetic	 contributors	 to	 adult	 metabolic	 disease	 phenotypes	 also	 underlie	 the	

association	between	altered	fetal	growth	and	adult	disease.	Following	on	from	this,	 in	depth	
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analysis	 of	 the	 associations	 of	 rs13266634	 in	 the	 SLC30A8	 gene,	 a	 non-synonymous	 SNP	 of	

known	 functional	 implications	 for	 insulin	 secretion,	 provides	 evidence	 for	 a	 previously	

undescribed	molecular	genetic	mechanism	linking	accelerated	and	increased	birth	weight	with	

adult	T2DM	(Chapter	8).	

	

These	 consistent	 associations	 between	 known	 adult	 metabolic	 disease-risk	 variants	 and	

altered	 fetal	 growth	 support	 the	 role	 for	 genomic	 variation	 underlying	 some	 of	 the	

developmental	origins	of	 the	metabolic	syndrome.	 It	 is	 likely,	 therefore,	 that	those	adult	 risk	

variants	also	associated	with	fetal	growth	share	common	pathophysiology	at	both	ends	of	the	

life	course,	rendering	these	processes	amenable	to	early	life	interventions.	
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10.4 THE	POTENTIAL	SOLUTIONS	

	

The	capacity	of	early	 life	environmental	exposures	to	determine	the	trajectory	towards	adult	

health	 or	 disease	 opens	 the	 door	 for	 modifications	 to	 the	 environment	 being	 applied	 as	

primary	 preventive	 therapies.	 With	 the	 ability	 to	 identify	 individuals	 at	 particular	 risk	 who	

stand	to	benefit	most	from	these	interventions,	the	challenge	would	appear	to	be	developing	

appropriate	interventions.	Nutritional	modifications	are	by	far	the	best	studied	of	all	potential	

early	 life	 interventions.	 These	 are	 relatively	 simple	 to	 apply,	 do	 not	 require	 substantial	

investment	 in	 manufacturing	 infrastructure,	 and	 offer	 little	 risk	 to	 the	 mother,	 fetus,	 or	

neonate.	 Early	 life	 social	 interventions	 have	 also	 been	 studied	 with	 evidence	 of	 long	 term	

health	benefit.	 Pharmacological	 interventions	may	play	a	 role	 in	 the	 future,	but	are	 likely	 to	

require	a	more	individualised	approach	and	are,	therefore,	unlikely	to	be	the	first	interventions	

to	be	examined.	

	

10.4.1 Maternal	nutritional	modification	

10.4.1.1 Neonatal	protein	restriction	

Maternal	protein	restriction	during	pregnancy	is	an	effective	experimental	method	of	inducing	

fetal	growth	restriction	(Petry,	Dorling	et	al	2001).	Postnatally,	the	offspring	exhibit	rapid	catch	

up	growth	and	adult	obesity	and	metabolic	disease	(Ozanne,	Wang	et	al	1999).	If	the	offspring	

of	these	protein-restricted	mothers	are	fed	milk	from	a	mother	taking	normal	diet	then	adult	

metabolic	 disease	 ensues,	 however,	 this	 can	 be	 prevented	 by	 feeding	 milk	 from	 a	 protein-

restricted	mother	(Desai,	Crowther	et	al	1996).	Placentally	mediated	fetal	growth	restriction	is	

associated	 with	 decreased	 amino	 acid	 transportation	 in	 human	 pregnancies	 (Regnault,	 de	

Vrijer	 et	 al	 2013),	 analogous	 to	 the	 reduced	 transplacental	 amino	 acid	 transfer	 induced	 by	

experimental	maternal	 protein	malnutrition.	 Extrapolating	 from	 this,	 a	 potential	 therapy	 for	

infants	 exposed	 to	 intrauterine	 protein	 malnutrition	 may	 be	 to	 alter	 the	 diet	 of	 the	

breastfeeding	mother	to	a	low	protein	content,	or	to	provide	low	protein	bovine	milk	formula.	
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Lending	support	to	this	concept	is	the	fact	that	artificially	fed	infants	grow	more	rapidly	during	

the	postnatal	period	than	their	breastfed	counterparts	(Michaelsen	and	Greer	2014),	with	one	

of	 the	most	 significant	differences	between	human	and	bovine	milk	being	 the	 lower	protein	

content	 of	 human	milk	 (Rzehak,	 Grote	 et	 al	 2013).	 Of	 note,	 however,	 there	 are	 substantial	

other	 differences	 between	 human	 and	 bovine	 milk	 which	 may	 confound	 this	 association	

(Singhal	and	Lanigan	2007).	

	

10.4.1.2 Neonatal	caloric	restriction	

Global	 maternal	 nutrition	 restriction	 experiments	 are	 able	 to	 replicate	 DOHaD	 phenomena,	

with	fetal	growth	restriction	followed	by	rapid	postnatal	catch	up	growth	and	later	metabolic	

disease	 (Vickers,	 Breier	 et	 al	 2000).	 Similar	 to	 protein	 restriction,	 these	 postnatal	 and	 adult	

changes	can	be	avoided	by	continuing	maternal	caloric	 restriction	prior	 to	offspring	weaning	

(Desai,	 Gayle	 et	 al	 2005).	 This	 suggests	 that	 maternal	 caloric	 restriction,	 limiting	 excessive	

postnatal	growth,	may	be	of	value	in	infants	at	risk	of	later	metabolic	disease.	

	

Caution	is	warranted	in	such	experiments:	slow	postnatal	weight	gain	in	the	context	of	infant	

malnutrition	 is	 associated	with	 increased	childhood	mortality	 (Bhutia	2014).	Manipulation	of	

postnatal	weight	gain,	therefore,	should	be	carefully	controlled	such	that	it	is	optimised,	rather	

than	simply	slowed.		

	

10.4.1.3 Micronutrient	supplementation	

Studies	of	iron,	magnesium,	and	total	vitamin	intake	in	pregnancy	and	during	lactation	suggest	

that	micronutrients	may	play	a	role	in	the	developmental	origins	of	metabolic	disease	(Vickers	

and	Sloboda	2012b).	Iron	supplementation	in	pregnancy,	for	example,	is	thought	to	reduce	the	

incidence	of	low	birth	weight	(Haider,	Olofin	et	al	2013).	Total	vitamin	restriction	is	associated	

with	 increased	 body	 fat	 content	 and	 adipocytokine	 levels	 in	 the	 offspring	 (Lagishetty,	

Nandiwada	et	al	2007).	Caution	is	again	warranted	in	contemplating	such	supplementation,	as	
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total	 vitamin	excess	may	 increase	 the	propensity	 to	metabolic	 syndrome	 in	offspring	 (Szeto,	

Aziz	et	al	2008),	and	high-dose	vitamin	C	supplementation	is	associated	with	a	modest	increase	

in	preterm	birth	(Rumbold	and	Crowther	2005).	

	

10.4.2 Neonatal	nutritional	modification	

10.4.2.1 Leptin	supplementation	

Alterations	 in	 leptin	 concentrations	 in	 early	 life	 are	 associated	 with	 an	 increased	 tendency	

toward	metabolic	disease	 in	 later	 life	(Alexe,	Syridou	et	al	2006;	Vickers	and	Sloboda	2012a).	

As	shown	 in	Chapter	5	of	 this	 thesis,	genetic	variation	within	 the	 leptin	signalling	pathway	 is	

associated	with	altered	fetal	growth	suggesting	a	significant	role	in	DOHaD.	It	 is	thought	that	

adequate	leptin	levels	during	periods	of	critical	neurodevelopment	are	required	for	the	correct	

programming	 of	 hypothalamic	 function	 in	 satiety	 (Djiane	 and	 Attig	 2008).	 Neonatal	 leptin	

supplementation	has	been	shown	to	prevent	the	adult	obesity	associated	with	experimentally-

induced	fetal	growth	restriction	in	rodents	(Vickers,	Gluckman	et	al	2005;	Bouyer	and	Simerly	

2013).	 Higher	 leptin	 concentrations	 in	 human	 milk	 compared	 to	 bovine	 milk	 formula	 may	

explain	some	of	the	tendency	for	artificially	fed	infants	to	undergo	rapid	postnatal	weight	gain	

than	those	who	are	breastfed	(Brunner,	Schmid	et	al	2014).	Leptin	supplementation	therefore	

is	a	leading	candidate	for	early	life	intervention	in	humans.	

	

10.4.2.2 Exclusive	breastfeeding	

There	 are	many	 varied	 reasons	 to	 support	 breastfeeding,	 including	 benefits	 to	mother-child	

bonding	 (Tharner,	 Luijk	 et	 al	 2012;	 Liu,	 Leung	 et	 al	 2014),	 birth	 spacing	 in	 the	 context	 of	

lactational	 amenorrhoea	 (Sipsma,	 Bradley	 et	 al	 2013),	 potential	 cognitive	 benefits	 to	 the	

offspring	 (Belfort,	 Rifas-Shiman	 et	 al	 2013;	 Huang,	 Peters	 et	 al	 2014),	 and	 assistance	 with	

postpartum	 weight	 loss	 (da	 Silva,	 Oliveira	 Assis	 et	 al	 2013),	 among	 others.	 In	 addition,	 it	

appears	 that	 exclusive	 breast	 feeding	 may	 have	 long-term	 benefits	 upon	 health	 metabolic	

outcomes.	 In	 particular,	 exclusive	 breastfeeding	 may	 most	 benefit	 those	 at	 greatest	 risk	 of	
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disease.	For	example,	Chapter	9	of	this	thesis	demonstrated	how,	in	individuals	at	high	genetic	

predisposition	to	non-alcoholic	fatty	liver	disease	(NAFLD),	those	who	were	exclusively	breast	

fed	for	at	least	six	months	had	an	82%	reduction	in	NAFLD	by	age	17	years.	It	is	likely	that	this	

effect	would	be	at	least	as	great	at	later	ages	as	the	prevalence	of	NAFLD	increases	with	age.	

Similar	associations	were	seen	with	obesity,	with	a	55%	reduction	in	obesity	by	age	20	years.	In	

keeping	with	 the	 concept	 of	 early	 life	 developmental	 plasticity,	 this	 benefit	 appeared	 to	 be	

greater	 in	magnitude	 than	 that	of	 either	 adolescent	dietary	or	 exercise	modifications.	Given	

the	multiple	beneficial	associations	of	breastfeeding,	this	is	an	excellent	candidate	for	an	early	

life	intervention	of	multifaceted	potential	benefits.	

	

Breastfeeding	 rates	 vary	 widely	 across	 populations:	 in	 France	 as	 low	 as	 42%	 (Mirkou,	

Suchovsky	et	al	2012)	and	in	Western	Australia	around	80%	(Maycock,	Binns	et	al	2013).	This	

variation	 suggests	 capacity	 for	 modulation	 of	 the	 breastfeeding	 rate	 as	 an	 early	 life	

intervention,	 in	 particular	 in	 populations	 of	 low	 rate.	Whilst	 it	 is	 not	 ethical	 to	 randomise	 a	

neonate	 to	 breast	 or	 bottle	 feeding	 in	 a	 clinical	 trial,	 it	 is	 possible	 to	 study	 interventions	 to	

increase	 the	 rate	 of	 breastfeeding	 in	 target	 populations.	 Relatively	 simple	 and	 resource-

modest	 interventions	 such	 as	 paternal	 education	 programs	 have	 been	 demonstrated	 to	

significantly	 improve	 breastfeeding	 rates	 (Maycock,	 Binns	 et	 al	 2013).	 Using	 early	 life	 risk	

assessment	tool,	such	as	those	described	in	Chapter	9	of	this	thesis,	targeting	interventions	to	

those	 in	 the	 upper	 quartile	 of	 risk	 could	 significantly	 impact	 adult	 metabolic	 disease	

prevalence.	 For	example,	 in	 those	at	high	 risk	of	 adult	NAFLD	according	 to	 their	 genetic	 risk	

score,	one	case	of	NAFLD	could	be	prevented	for	every	five	infants	exclusively	breastfed.	

	

10.4.3 Social	interventions	

Investment	in	early	childhood	social	and	educational	programs	has	been	investigated	as	a	tool	

to	 reduce	 adverse	 social	 outcomes	 in	 adulthood.	 These	 programs	may	 also	 have	 significant	

health	benefits.	 The	Carolina	Abecedarian	Project	 (Campbell,	 Conti	 et	 al	 2014),	 for	 example,	
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randomised	111	children	from	109	socioeconomically	disadvantaged	families	to	treatment	or	

control	groups,	with	the	treatment	group	undergoing	cognitive,	language,	emotional,	reading,	

mathematics,	 and	 social	 stimulation	 interventions	 from	 birth	 to	 age	 eight	 years	 as	 well	 as	

regular	paediatrician	 review.	Those	children	exposed	 to	 the	 interventions	between	birth	and	

five	 years	 were	 found	 to	 have	 significant	 improvements	 in	 risk	 factors	 for	 cardiovascular	

disease	in	their	thirties.	This	example	demonstrates	the	power	of	early	life	intervention	in	the	

modification	of	later	life	disease	risk.	

	

10.4.4 Individualised	interventions	

If	 early	 life	 primary	 prevention	 strategies	 prove	 useful	 in	 the	 reduction	 of	 later	 life	 diseases	

then	 expansion	 of	 this	 concept	 may	 involve	 further	 tailoring	 of	 interventions	 based	 on	 the	

particular	disease	risk	and	the	factors,	in	particular	genetic,	influencing	that	risk.	More	specific	

knowledge	of	the	pathophysiological	contributors	to	an	individual’s	risk,	as	described	by	their	

genetic	 predispositions,	may	 indicate	 particular	 pharmacological	 interventions	 suited	 to	 that	

individual.	Expansion	of	the	knowledge	of	the	genetic	basis	of	complex	phenotypes	such	as	the	

metabolic	 syndrome	 and	 its	 component	 conditions	may	 suggest	 potential	molecular	 targets	

from	which	such	therapies	may	eventually	be	developed.	Such	pharmacogenomic	approaches	

are	already	in	evolution	for	the	adult	treatment	of	metabolic	disease	(Turner	and	Pirmohamed	

2014),	and	are	 likely	to	be	extended	to	many,	 if	not	all,	pharmacological	 interventions	 in	the	

future.	 	
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10.5 SUMMARY	

	

Novel	approaches	to	the	primary	prevention	of	the	metabolic	syndrome	are	required	to	arrest	

the	 pandemic	 of	 this	 disease.	 Early	 life	 interventions	may	 take	 advantage	 of	 the	window	of	

opportunity	 offered	 by	 pre-	 and	 postnatal	 developmental	 plasticity	 in	 order	 to	 program	

healthy	metabolism	and	set	a	trajectory	towards	health.	Such	interventions	will	be	optimised	

by	the	capacity	to	identify	individuals	at	particular	risk	of	developing	the	metabolic	syndrome.	

This	 thesis	 describes	 the	 development	 of	 such	 a	 risk	 stratification	 method,	 applying	 an	

individual’s	 burden	 of	 known	 genomic	 metabolic	 disease-risk	 variants	 in	 the	 assessment	 of	

their	later	life	risk.	The	work	of	this	thesis	suggests	exclusive	breastfeeding	as	a	potential	early	

life	intervention	with	particular	benefit	in	individuals	at	high	genetic	risk	of	metabolic	disease,	

with	the	capacity	to	substantially	ameliorate	this	genetic	risk	lowering	adult	disease	prevalence	

to	similar	levels	of	those	at	moderate	to	low	genetic	risk.	Further	expansion	of	the	concept	of	

genetic	 risk	prediction	may	eventually	allow	 tailoring	of	 specific	pharmacological	approaches	

for	 individuals	 based	 upon	 their	 genomic	 suitability	 to	 particular	 interventions	 in	 the	

application	of	personalised	medicine.	
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