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PACAP	 PACAP	Pituitary	Adenylate	Cyclase-Activating	Polypeptide		

TNC	 TNC:	Trigeminal	nucleus	caudalis	

TCC	 TCC:	Trigeminocervical	complex	

MRI	 MRI:	Magnetic	resonance	imaging	

CNS	 CNS:	Central	nervous	system	

VPM	 VPM:	Ventral	posteromedial	nucleus	

PAG	 PAG:	Periaqueductal	grey	

RVM	 RVM:	Rostral	venteromedial	medulla	

NRM	 NRM:	Nucleus	raphe	magnus	

CSF	 CSF:	Cerebrospinal	fluid	

5-HT	 5-HT:	5-Hydroxytryptamine	

CSD	 CSD:	Cortical	spreading	depression	
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FHM	 FHM:	Familial	hemiplegic	migraine	

ICHD	 The	International	classification	of	Headache	Disorders	

IHS	 The	International	Headache	Society	
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OR	 Odds	ratio	

mtDNA	 Mitochondrial	DNA	

nDNA	 Nuclear	DNA	
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MERFF	 Myoclonic	epilepsy	with	ragged-red	fibers	

LHON	 Leber	hereditary	optic	neuropathy	

NEMP	 Nuclear	encoded	mitochondrial	protein	

FGR	 Foetal	growth	restriction	

TTH	 Tension-type	headache	

SGA	 Small	for	gestational	age	

VSGA	 Very	small	for	gestational	age	

AGA	 Appropriate	for	gestational	age	



	 8	

LGA	 Large	for	gestational	age	

DAG	 Direct	Acyclic	Graph	

SNP	 Single	nucleotide	polymorphism	

WGS	 Whole	genome	sequencing	

WES	 Whole	exome	sequencing	

PC	 Principal	component	
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CI	 Confidence	Interval	
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SUMMARY IN ENGLISH 

Migraine	is	a	common	headache	disorder	that	has	large	consequences	both	for	the	

individual	and	for	the	society.	There	is	still	little	knowledge	about	what	causes	migraine,	

but	it	likely	involves	a	complex	interplay	of	genetic	and	environmental	factors.	Female	

sex	is	a	strong	risk	factor,	with	females	having	a	2-3	times	higher	risk	of	migraine	than	

males.	A	variety	of	environmental	factors	have	also	been	linked	to	migraine,	but	the	

causality	is	not	clear.		Risk	factors	related	to	early	life	events,	including	pregnancy	and	

birth,	have	not	been	well	studied.	Family	studies	of	migraine	show	that	genetic	factors	

account	for	about	45%	of	the	total	variation,	and	some	studies	indicate	a	stronger	

maternal	inheritance.	Large	genome-wide	association	studies	have	identified	several	

risk	loci,	but	they	only	explain	a	modest	part	of	the	overall	heritability.	This	“missing	

heritability”	may	be	due	to	genetic	material	not	being	studied	so	far,	including	the	

mitochondrial	genome.	Since	the	mitochondrial	DNA	is	maternally	inherited,	it	would	

also	explain	the	stronger	maternal	inheritance.		

We	used	data	from	the	Nord-Trøndelag	Health	Study	(HUNT)	to	identify	genetic	and	

environmental	factors	of	migraine.		

We	first	explored	the	association	between	foetal	growth	restriction	and	migraine	in	

adulthood,	linking	data	from	the	Norwegian	Medical	Birth	Registry	to	the	HUNT	data.	

Here,	we	found	that	foetal	growth	restriction	was	associated	with	migraine	in	males,	

with	a	stronger	association	with	more	severe	growth	restriction.	No	association	was	

found	in	females.		

Next,	we	clarified	the	association	between	parental	migraine	and	offspring	migraine,	

also	separating	maternal	and	paternal	effects.	We	found	that	both	maternal	and	paternal	

migraine	increased	the	odds	of	offspring	migraine,	but	with	stronger	mother-offspring	

associations	than	father-offspring.		

Lastly,	we	explored	whether	variation	in	the	mitochondrial	genome,	or	in	nuclear	genes	

encoding	mitochondrial	proteins,	were	associated	with	migraine.	No	association	with	

migraine	were	found	for	mitochondrial	variants,	mitochondrial	haplogroups	or	variants	

in	nuclear	genes	encoding	mitochondrial	proteins.		
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In	conclusion,	we	identified	a	novel	association	between	foetal	growth	restriction	and	

migraine	in	males,	possibly	pointing	to	disturbances	in	early	brain	development.	We	

confirmed	the	previously	reported	strong	family	association	of	migraine,	and	found	that	

the	association	was	strongest	in	the	maternal	line.	This	could	indicate	the	involvement	

of	maternally	inherited	variants	(mitochondrial	DNA),	or	variants	where	only	the	

maternal	allele	is	expressed	(imprinting).	However,	when	analysing	mitochondrial	risk	

variants,	these	did	not	seem	to	play	a	major	role	in	migraine.		
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SAMMENDRAG PÅ NORSK (SUMMARY IN NORWEGIAN) 

Migrene	er	en	ofte	forekommende	hodepinelidelse,	som	har	store	konsekvenser,	både	

for	hvert	enkelt	individ	og	for	samfunnet.	Vi	vet	fortsatt	lite	om	årsakene	til	migrene,	

men	sannsynligvis	skyldes	den	et	komplisert	samspill	mellom	genetiske	og	miljømessige	

faktorer.	Kvinnelig	kjønn	er	en	sterk	risikofaktor,	og	kvinner	har	2-3	ganger	høyere	

risiko	for	migrene	enn	menn.	Flere	andre	miljømessige	faktorer	er	også	knyttet	til	

migrene,	men	kausaliteten	er	uklar.	Risikofaktorer	i	forhold	til	hendelser	tidlig	i	livet,	

inkludert	svangerskap	og	fødsel,	er	lite	studert.	Familiestudier	av	migrene	har	vist	at	arv	

forklarer	rundt	45%	av	variasjonen,	og	noen	studier	har	indikert	en	sterkere	maternal	

arvegang.	Store	genomvide	assosiasjonsstudier	har	identifisert	flere	risiko	loci,	men	

disse	ser	bare	ut	til	å	forklare	en	liten	andel	av	den	totale	arveligheten.		Denne	

«manglende	arveligheten»	kan	mulig	forklares	av	genetisk	materiale	som	enda	ikke	er	

blitt	studert,	inkludert	mitokondrie	genomet.	Siden	mitokondrie	DNA	er	arves	gjennom	

morslinjen,	vil	dette	også	kunne	forklare	den	sterke	maternale	arvegangen.		

Vi	har	brukt	data	fra	Helseundersøkelsen	i	Nord-Trøndelag	(HUNT),	for	å	identifisere	

genetiske	og	miljømessige	risikofaktorer	for	migrene.		

Først	utforsket	vi	assosiasjonen	mellom	intrauterin	veksthemning	og	migrene	i	voksen	

alder,	ved	å	koble	data	fra	Norsk	Fødselsregister	til	HUNT	dataene.	Her	fant	vi	at	

intrauterin	veksthemning	var	assosiert	med	migrene	hos	unge	menn,	og	at	oddsen	for	

migrene	økte	jo	mer	alvorlig	veksthemningen	var.	Vi	fant	ingen	assosiasjon	hos	kvinner.	

Deretter	klargjorde	vi	assosiasjonen	mellom	migrene	hos	foreldre	og	migrene	hos	barna,	

der	vi	også	skilte	mellom	effekter	fra	mor	og	far.	Vi	fant	her	at	både	mors	og	fars	

migrene	øker	oddsen	for	migrene	hos	barnet,	men	med	sterkere	assosiasjoner	mellom	

mor-barn	enn	mellom	far-barn.		

Til	slutt	utforsket	vi	hvorvidt	variasjon	i	mitokondrie	DNA	var	assosiert	med	migrene.	I	

tillegg	så	vi	på	hvorvidt	varianter	i	kjerne	DNA,	lokalisert	i	gener	som	koder	for	

mitokondrieproteiner,	var	assosiert	med	migrene.	Ingen	av	variantene	i	mitokondrie-

DNA,	de	mitokondrielle	haplogruppene	eller	varianter	i	kjerne-DNA	ble	funnet	å	være	

assosiert	med	migrene.		
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For	å	konkludere,	fant	vi	en	assosiasjon	mellom	intrauterin	veksthemning	og	migrene	

hos	menn	som	ikke	er	funnet	tidligere.	Dette	kan	indikere	at	forstyrrelser	tidlig	i	

hjerneutviklingen	kan	være	viktig	for	utviklingen	av	migrene.	Flere	studier	er	nødvendig	

for	å	replikere	disse	funnene,	og	for	å	utforske	de	underliggende	mekanismene.	Vi	

bekreftet	tidligere	funn	av	at	migrene	hos	foreldre	er	sterkt	assosiert	med	migrene	hos	

deres	barn,	og	at	særlig	mors	migrene	er	viktig.	Dette	indikerer	en	sterk	genetisk	

komponent,	og	muligens	genetiske	komponenter	som	arves	gjennom	morslinjen	

(mitokondrie-DNA)	eller	varianter	der	bare	allelet	fra	mor	uttrykkes	(imprinting).	

Imidlertid	kunne	vi	ikke	påvise	at	spesifikk	variasjon	i	mitokondrie-DNA	gir	økt	risiko	

for	migrene.		
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INTRODUCTION 

Headache	disorders	are	prevalent	worldwide,	and	have	gained	increasingly	attention	

the	last	decades.	Among	the	primary	headache	disorders,	defined	as	headaches	that	are	

not	caused	by	another	medical	condition,	tension-type	headache	(TTH)	is	the	most	

common,	with	an	age-standardised	prevalence	of	26.1%	(1,	2).	It	is	associated	with	

significant	disability,	and	decreased	ability	to	work	(2).	While	several	other	types	of	

primary	headache	disorders	exist,	TTH	and	migraine	are	by	far	the	most	prevalent.	

While	TTH	has	been	included	in	the	first	paper	of	this	thesis,	the	main	focus	in	this	thesis	

is	on	migraine.		

MIGRAINE PREVALENCE AND BURDEN TO THE INDIVIDUAL AND SOCIETY 

Migraine	is	a	common	neurological	disorder,	with	an	estimated	one-year	prevalence	of	

14.4%	in	the	global	population	(1).	This	makes	migraine	the	6th	most	prevalent	disorder,	

out	of	the	328	included	in	the	Global	Burden	of	Disease	Study	2016	(1).	The	lifetime	

prevalence	is	higher,	with	an	estimate	of	18.5%	in	Europe	(3).		

Migraine	prevalence	vary	greatly	with	age.	About	9%	of	children	and	adolescents	have	

migraine,	(4),	and	the	prevalence	then	increases	gradually	during	adolescence	and	into	

adulthood.	It	peaks	in	the	late	30´s	before	it	again	decreases	(1)	(Figure	1).		
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Figure	1.	Prevalence	of	migraine	by	age.	Adapted	from	GBD	2016	Headache	Collaborators,	

2018	(1).	Used	with	permission.		

	

Migraine	affects	males	and	females	relatively	equally	in	prepubertal	children	(5).	In	

adolescence,	the	prevalence	increases	more	rapidly	in	females	than	in	males,	and	from	

adulthood,	migraine	is	2-3	times	more	prevalent	in	females	(1,	5,	6)	(see	Figure	1).	The	

different	prevalence	patterns	in	males	and	females	are	thought	to	be	due	to	hormonal	

factors,	and	in	particular	oestrogen,	but	genetic	factors	have	also	been	suggested	(6).	

Epidemiological	studies	from	different	parts	of	the	world	indicate	that	the	migraine	

prevalence	varies	from	8.5%	in	China,	to	20%	in	Italy	and	Nepal.	However,	

methodological	differences	are	likely	to	play	a	role.	There	are	also	few	studies	from	

developmental	countries	(1),	making	conclusions	about	geographical	differences	

difficult.		

Migraine	is	ranked	as	the	2ndmost	disabling	disease	globally,	as	estimated	by	the	Global	

Burden	of	Disease	Study	(1).	It	is	also	the	costliest	of	all	neurological	diseases,	mainly	

because	of	the	high	prevalence,	and	its	tendency	to	affect	young	people	in	their	most	

productive	years	(7).		
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In	addition	to	affect	the	ability	to	work,	migraine	also	influences	family	life	(5).	Migraine	

patients	report	lower	quality	of	life,	both	compared	to	the	general	population,	but	also	

compared	to	patients	with	several	other	chronic	conditions	(5).	Half	the	migraine	

patients	report	severe	impairment	that	requires	bedrest	(7).	In	addition,	migraine	is	

commonly	associated	with	other	disorders,	like	anxiety,	depression,	other	pain	

complaints	and	sleep	disorder,	which	may	further	reduce	life	quality	(5,	8).		In	children	

and	adolescents,	frequent	headaches	have	a	major	impact	on	quality	of	life,	daily	

activities,	social	interaction	and	school	performance	(8).	On	average,	migraine	patients	

spend	8.5%	of	their	year	having	migraine	attacks	(1),	however	a	minority	of	the	patients	

seems	to	have	the	majority	of	the	attacks	(5,	7).		

MIGRAINE PATHOGENESIS 

Migraine	is	often	viewed	as	an	episodic,	recurrent,	partially	genetically	determined	

dysfunction	of	brain	excitability	that	leads	to	activation	and	sensitization	of	

trigeminovascular	pain	pathways.	It	is	a	complex	disorder,	involving	multiple	brain	

regions,	each	responsible	for	different	aspects	of	the	migraine	attack.		

TRIGEMINOVASCULAR SYSTEM 

Activation	and	sensitization	of	the	trigeminovascular	system	seems	to	be	central	in	

migraine	pathophysiology.		

Trigeminal	afferent	nerves,	originating	from	the	trigeminal	ganglion,	are	responsible	for	

the	nociceptive	innervation	of	meninges,	their	surrounding	arteries,	as	well	as	large	

cerebral	arteries	(9).	Activation	of	trigeminal	afferents	causes	the	release	of	several	

mediators,	including	Calcitonin	Gene	Related	Peptide	(CGRP),	substance	P	(9-11),	

neurokinin	A	and	Pituitary	Adenylate	Cyclase-Activating	Polypeptide	(PACAP)	(9).	This	

again	causes	vasodilation	of	the	meningeal	vessels,	plasma	extravasation	and	activation	

of	mast	cells	(11),	further	stimulating	the	release	of	inflammatory	mediators	(10,	11).	

Prolonged	activation	result	in	sensitization	of	the	peripheral	trigeminal	afferents,	

leading	to	increased	sensitivity	to	sensory	stimuli.	This	may	explain	the	aggravation	

with	physical	activity	and	headache	movements	(9).		
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From	the	trigeminal	ganglion,	afferent	projections	terminate	in	the	spinal	trigeminal	

nucleus	caudalis	(TNC),	where	they	integrate	with	afferent	nerves	from	the	C1	and	C2	

dorsal	horns	of	the	spine,	together	known	as	the	trigeminocervical	complex	(TCC)	(11).	

The	convergence	of	input	from	trigeminal	afferents,	together	with	the	cervical	nerves,	

may	explain	why	migraine	headache	often	is	accompanied	by	neck	pain	(9).	From	TCC	

there	are	ascending	pathways	to	higher	brainstem	areas,	including	nuclei	in	

hypothalamus	and	thalamus,	which	in	turn	have	connections	to	cortex	(12).	Activation	

of	these	structures	are	thought	to	account	for	perception	of	the	migraine	pain,	in	

addition	to	autonomous,	endocrine,	cognitive	and	affective	symptoms	that	accompanies	

the	headache	(9,	12).	In	addition,	TCC	receives	descending	signals	from	the	brainstem	

and	hypothalamus,	which	can	modulate	pain	signals	in	the	trigeminovascular	system	

(11).	Prolonged	activation	of	the	trigeminovascular	system	will	eventually	lead	to	

central	sensitization.	Around	2/3	of	the	migraine	patients	develop	cutaneous	allodynia	

after	onset	of	headache,	and	this	is	thought	to	be	caused	by	central	sensitization	(11).	

Allodynia	in	the	facial	area	probably	reflects	sensitization	of	second-order	trigeminal	

neurons	in	TCC,	while	the	extracephalic	allodynia	that	may	follow,	reflects	sensitization	

of	trigeminothalamic	neurons	in	thalamus	(9,	11,	12).	Increased	frequency	and	duration	

of	cutaneous	allodynia	is	associated	with	increased	frequency	and	severity	of	migraine,	

indicating	that	increased	degree	of	central	sensitization	may	be	part	of	migraine	

chronification	(9).		

THE VASCULAR VS. NEUROLOGICAL HYPOTHESIS 

For	long	it	was	thought	that	migraine	pain	originated	from	dilatation	of	cerebral	vessels.	

This	was	based	on	the	pulsating	pain,	the	fact	that	vasodilating	drugs	caused	headache	

and	vasoconstricting	drugs	improved	it	(9).	Later,	it	was	shown	that	the	pulsating	pain	

in	migraine	had	a	lower	frequency	than	the	heart	rhythm	(9).	In	addition,	magnetic	

resonance	imaging	(MRI)	angiography	has	not	shown	dilatation	of	larger	cerebral	and	

meningeal	vessel	in	spontaneous	migraine	attacks,	and	intracranial	vessels	only	shows	a	

minor	dilatation	(9).	Furthermore,	not	all	drugs	that	cause	vasodilatation,	cause	

headache	(9),	and	not	all	drugs	that	cause	vasoconstriction	improve	it	(13),	indicating	

that	vasodilatation	is	neither	necessary,	nor	sufficient	to	cause	headache	(9,	11).	After	

discovering	the	pure	neural	effects	of	sumatriptan,	including	the	effect	on	nociceptive	
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trigeminal	nerves,	there	was	a	shift	towards	seeing	migraine	as	a	primarily	neurological	

process	(9).	However,	the	vascular	system	is	still	likely	to	contribute	by	generating	and	

transferring	signals	through	the	trigeminovascular	system	(13).	The	fact	that	several	of	

the	genes	that	have	been	associated	with	migraine	are	enriched	in	vascular	tissues,	also	

strongly	indicates	that	the	blood	vessels	are	playing	a	central	role	(14).			

THE BRAIN STATE OF MIGRAINE 

In	the	past	years,	the	existence	of	a	“brain	state	of	migraine”	has	been	hypothesized,	in	

contrast	to	a	sequential	activation	of	different	brain	areas	(9,	12).	In	this	view,	there	is	

no	single	migraine	generator,	but	a	dysfunction	in	several	systems,	most	likely	including	

the	brainstem	and	the	hypothalamus	(9).	These	areas	are	responsible	for	modulation,	

filtering	and	forwarding	of	sensory	input,	and	a	dysfunction	may	lead	to	activation	of	

sensory	systems	in	otherwise	normal	conditions	(9).	The	complex	networks	of	areas	in	

the	brain	stem,	hypothalamus,	thalamus	and	cortex	may	further	generate	symptoms	

through	descending	modulation	of	trigeminovascular	nociceptive	traffic	(9),	reducing	

the	threshold	for	transmission	to	higher	cortical	areas	(12).	This	“brain	state	of	

migraine”	is	likely	to	have	a	partly	genetic	basis	(9).	However,	it	also	seems	to	be	

controlled	by	homeostatic,	circadian	and	allostatic	factors,	supported	by	the	fact	that	

migraine	attacks	are	affected	by	food	intake,	fatigue/sleepiness,	time	of	the	day,	

hormonal	changes	and	stress,	which	all	affects	the	brain	homeostasis	(9,	15).		

Hypothalamus	seems	to	be	a	key	structure	in	the	migraine	pathogenesis.	It	is	important	

for	homeostasis,	controlling	circadian	rhythms	(the	sleep-awake	cycles),	appetite	and	

hormonal	fluctuations.	Since	the	migraine	brain	seems	to	be	sensitive	to	changes	in	

homeostasis,	it	is	likely	that	the	hypothalamus	is	involved	early	in	the	migraine	attack	

(12).	Several	of	the	symptoms	in	the	premonitory	phase	can	be	explained	by	activation	

of	the	hypothalamus,	like	fatigue,	changed	appetite,	yawning,	mood	changes	and	

increased	urination	(2,	12,	15).	A	study	performing	functional	MRI	every	day	for	30	days	

in	one	migraine	patient,	recording	three	induced	attacks,	reported	activation	of	

ipsilateral	hypothalamus	as	the	first	event,	around	24	hours	before	onset	of	headache.	

The	study	also	reported	connections	to	the	spinal	trigeminal	nuclei	and,	during	the	

headache	phase,	to	pons,	indicating	that	the	hypothalamus	interacts	with	both	higher	

and	lower	brain	stem	areas	(16).		
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The	thalamus	also	seems	to	be	centrally	involved	in	the	migraine	attack,	but	whether	it	

includes	more	than	pure	nociceptive	processing	is	not	entirely	clear	(9).	It	forwards,	

processes	and	filters	almost	all	sensory	information	from	lower	parts	of	the	central	

nervous	system	(CNS)	to	the	cortex.	Nociceptive	trigeminal	signals	are	passed	on	to	the	

somatosensory	cortex	and	insula,	which	may	be	responsible	for	the	sensation	of	pain	

(11).	Animal	studies	have	shown	that	dura	sensitive	neurons	in	thalamus	are	receiving	

input	from	photosensitive	retinal	ganglion	cells,	and	that	light	activates	these	neurons	

(9,	11).	The	convergence	of	trigeminovascular	traffic	and	light	signals,	with	further	

projections	to	visual	cortex,	may	explain	mechanisms	for	photophobia	(9,	11).	The	fact	

that	blind	migraineurs	also	experience	aggravation	of	headache	with	light,	supports	this	

hypothesis	(11).	The	trigeminothalamic	neurons	in	thalamus	also	receive	direct	input	

from	the	hypothalamus	and	the	brain	stem,	which	can	affect	the	activity	of	the	thalamic	

neurons.	Several	types	of	migraine	medication,	including	triptans,	CGRP	inhibitors,	

propranolol,	natrium	valproat	and	topiramate	have	been	shown	to	modulate	

trigeminonociceptive	signals,	originating	from	dura,	when	applied	locally	in	the	Ventral	

posteromedial	nucleus	(VPM)	in	thalamus	(9).			

Several	areas	in	the	brainstem	also	seem	to	be	important	in	migraine.	Nucleus	

cuneiformis	and	periaqueductal	grey	(PAG)	in	mesencephalon	(9),	seem	to	be	able	to	

modulate	trigeminal	nociceptive	traffic	(2,	9),	and	delayed	debut	of	migraine	has	been	

seen	in	patients	treated	with	deep	brain	stimulation	of	PAG	for	other	pain	conditions	

(9).	In	medulla	oblongata,	the	rostral	venteromedial	medulla	(RVM)	and	nucleus	raphe	

magnus	(NRM)	are	modulating	input	from	nociceptive	spinal	trigeminovascular	neurons	

(9).		
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HYPEREXCITABILITY AND NEUROTRANSMITTERS 

Several	lines	of	evidence	indicate	that	the	migraine	brain	is	in	a	hyperexcitable	state,	

being	more	alert	than	a	healthy	brain	(2,	9).	In	genetically	predisposed	individuals,	this	

generalized	hyperexcitability	may	lower	the	threshold	for	migraine	attacks	(2,	12).	The	

brain	of	migraine	patients	does	not	extinguish	sensory	stimuli	as	quickly	and	completely	

as	the	brain	in	healthy	individuals	(2).	There	seems	to	be	a	lack	of	habituation,	leading	to	

a	hyperexcitability,	where	the	migraine	brain	is	vulnerable	to	a	“sensory	overload”	(2,	

12).		

Glutamate	is	the	most	important	excitatory	neurotransmitter	in	the	CNS.	It	is	abundant	

in	the	trigeminal	ganglion,	TCC	and	thalamus,	and	is	released,	together	with	CGRP,	from	

the	trigeminal	ganglion	(17).	Increased	levels	of	glutamate	have	been	seen	both	in	blood	

and	cerebrospinal	fluid	(CSF)	interictally	in	migraine	patients,	indicating	an	excess	of	

glutamate	in	the	migraine	brain	(17).	Furthermore,	intake	of	glutamate	can	initiate	

migraine	attacks	in	predisposed	individuals	(10,	17).	It	has	been	linked	to	facilitation	of	

pain	transmission	in	the	CNS	and	to	central	sensitization	and	allodynia	(12,	17).	

Pharmacological	drugs	modulating	glutamate	receptors	have	shown	promising	results	

in	both	acute	and	prophylactic	migraine	treatment	(9,	17).		

Dopamine	also	seems	to	play	a	role	in	migraine,	likely	by	inhibiting	neurons	in	TCC	(18).	

There	are	increased	levels	of	dopamine	in	both	blood,	urine	and	CSF	in	migraine	

patients	(18).	Pharmacological	stimulation	of	dopamine	receptors	can	induce	symptoms	

like	tiredness,	yawning,	craving,	nausea	and	vomiting,	all	of	which	are	commonly	seen	in	

migraine	(18).		

Serotonin	seems	to	act	synergistically	with	dopamine	on	trigeminal	neurons	in	TCC	(18),	

but	studies	have	found	both	increased,	reduced	and	unchanged	levels	in	migraine	

patients	(10,	19).	Triptans,	that	revolutionized	migraine	treatment	in	the	90´s,	are	

serotonin-receptor	agonists.	They	act	on	5-hydroxytryptamine	(5-HT)	receptors,	

possibly	located	in	afferent	trigeminal	neurons	in	TCC	and	other	pain-related	areas	(9,	

19),	but	their	exact	mechanism	is	not	clear.		

CGRP	is	abundant	in	striatum,	amygdala,	hypothalamus,	thalamus,	brain	stem	and	TCC,	

and	is	a	potent	vasodilator.	In	addition,	it	affects	other	neurotransmitter	systems,	like	

the	glutaminergic	(9).	CGRP	is	also	present	in	trigeminal	ganglion,	where	it	initiates	
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neurogenic	inflammation	and	peripheral	sensitization	(10,	12).	Furthermore,	infusion	of	

CGRP	can	induce	migraine	in	predisposed	individuals	(9,	14).	Lately,	CGRP	antagonists	

and	CGRP	antibodies	have	gained	increasingly	interest	in	migraine	treatment,	even	if	the	

exact	mechanism	is	not	clear	(9,	12,	14).		

AURA AND CORTICAL SPREADING DEPRESSION 

There	is	a	current	consensus	that	cortical	spreading	depression	(CSD)	is	the	underlying	

mechanism	of	migraine	aura,	but	whether	it	is	the	initial	event	that	triggers	the	migraine	

attack,	or	a	parallel	event	that	only	occurs	in	a	few,	is	debated	(9).			

CSD	consists	of	an	initial	depolarization,	followed	by	a	prolonged	hyperpolarization	of	

cortical	neurons	and	glial	cells.	The	reversed	membrane	potential	leads	to	abnormal	ion	

gradients	and	concentrations,	release	of	neurotransmitters	like	glutamate	and	

serotonin,	and	an	initial	vasodilatation,	followed	by	a	prolonged	vasoconstriction	(9).		

CSD	has	mainly	been	observed	in	animals,	where	it	has	been	triggered	by	mechanical,	

electrical	or	pharmaceutical	methods	(20).	In	humans,	CSD	has	only	been	seen	in	

patients	with	subarachnoidal	haemorrhage,	hemispheric	stroke	and	brain	injuries,	but	

then	it	has	not	been	followed	by	aura	symptoms	(13).	Imaging	studies	in	humans	have	

shown	an	initial	hyperperfusion,	followed	by	a	more	prolonged	hypoperfusion,	

originating	in	the	occipital	lobe,	spreading	through	the	cortex.	The	hypoperfusion	seems	

to	correlate	with	the	scotoma	in	some	MA	patients	(9).		

Some	have	hypothesized	that	CSD	initiates	the	migraine	attack,	inducing	pain	by	

activating	the	trigeminal	nociceptors,	but	this	hypothesis	is	only	supported	by	animal	

studies	(11,	21).	The	fact	that	aura	may	occur	without	headache,	and	that	most	migraine	

attacks	occur	without	aura	indicates	that	aura	is	neither	necessary,	nor	sufficient,	to	

cause	headache	(11).	In	addition,	CSD	does	not	seem	to	cause	pain	in	animals	(21).		

Some	have	also	questioned	whether	CSD	is	the	underlying	mechanism	of	aura,	as	it	has	

been	difficult	to	evoke	it	in	humans	(21).	It	seems	to	be	harder	to	induce	CSD	in	animals	

with	gyri,	than	without,	indicating	that	the	gyri	limit	the	CSD	activity	between	sulci	(21).	

In	animals	where	CSD	have	been	induced,	some	migraine	medication	lowers	the	
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susceptibility	for	CSD,	while	others	do	not	(21).	This	may	indicate	that	migraine	and	CSD	

are	different	processes	with	some	common	underlying	mechanisms	(21).	

CLINICAL FEATURES OF MIGRAINE 

There	are	two	main	types	of	migraine,	with	aura	(MA)	and	without	aura	(MO),	but	other	

less	common	subtypes	also	exist	(22).		

MIGRAINE PHASES AND SYMPTOMS 

The	migraine	attack	is	often	divided	into	four	phases,	which	may	more	or	less	overlap	

(2,	23)	(Figure	2).	One	or	more	of	the	phases	may	also	be	absent	(2,	23).			

The	premonitory	phase:		Occurs	hours	before	aura	or	headache.	Common	symptoms	

include	fatigue,	irritability,	concentration	problems,	mood	changes,	excessive	yawning,	

phonophobia	and	nausea,	but	other	symptoms	also	exist.	More	than	80%	of	adult	

migraineurs	experience	premonitory	symptoms,	and	some	patients	can	reliably	predict	

the	headache	up	to	12	hours	before	onset	(23).	

The	aura	phase:	About	20%	of	migraine	patients	experience	aura	(24),	which	are	short-

term	(usually	5-60	minutes),	completely	reversible	neurological	symptoms	(22,	24).		

The	aura	phase	commonly	occurs	before	the	headache	phase,	but	it	may	also	begin	after	

the	headache	pain	has	commenced.	In	some	cases,	it	may	not	be	followed	by	headache	at	

all	(22,	24).		Visual	aura	symptoms	are	most	common,	and	occurs	in	up	to	90%	of	those	

with	aura	(22).	It	often	presents	as	positive	or	negative	scotomas,	disturbed	vision	and	

photopsia	(22,	24).	Sensory	symptoms	are	also	common,	including	paraesthesia	and/or	

numbness	(22,	24).	Less	common	are	speech/language	symptoms,	motoric	symptoms,	

brainstem	symptoms	or	retinal	symptoms	(22,	24).		

Hemiplegic	migraine	is	a	separate	subtype	of	migraine	with	aura,	where	the	aura	phase	

includes	motoric	palsy.	It	commonly	runs	in	families,	and	is	then	termed	familial	

hemiplegic	migraine	(FHM)	(22).	FHM	is	characterized	by	unilateral,	transient,	motor	

weakness	during	the	aura	phase,	that	in	severe	cases	may	last	for	weeks	(22).	
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Headache	phase:	Migraine	headache	classically	presents	as	a	unilateral,	temporal	pain,	

but	in	a	minority	of	patients	the	headache	may	be	bitemporal,	or	even	global.	It	is	of	

moderate	to	severe	intensity,	and	interferes	with	normal,	daily	activities.	The	headache	

is	associated	with	phono-	and	photophobia,	nausea	and	vomiting,	and	is	worsened	by	

physical	activity.	It	lasts	for	4-72	hours,	most	commonly	around	24	hours	if	not	treated	

(2,	22,	24).		

Postdrome	phase:	Hours	or	days	after	the	headache,	most	patients	experience	a	

postdrome	phase,	including	symptoms	like	fatigue,	weakness,	cognitive	difficulties	and	

mood	changes.	Others	may	experience	persistent	headache,	dizziness	and	

gastrointestinal	symptoms	(2,	23).			

	

Figure	2.	Typical	sequence	of	a	migraine	attack	

THE INTERNATIONAL CLASSIFICATION OF HEADACHE DISORDERS (ICHD)  

The	International	Headache	Society	(IHS)	has	defined	sets	of	criteria	for	diagnosing	

headache	disorders,	including	migraine.	The	first	edition	was	published	in	1988,	while	

the	second,	and	revised	edition	was	published	in	2004.	The	most	current	version,	ICHD-

3	was	published	in	2018.	The	criteria	for	MO	and	MA	are	presented	in	Box	1.	
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Box	1.	Criteria	for	the	two	common	forms	of	migraine	

Migraine	without	aura	

A. At	least	five	attacks	fulfilling	criteria	
B-D	

B. Headache	attacks	lasting	4-72	hours	
(when	untreated	or	unsuccessfully	
treated)	

C. Headache	has	at	least	two	of	the	
following	four	characteristics:	

1. Unilateral	location	
2. Pulsating	quality	
3. Moderate	or	severe	pain	

intensity	
4. Aggravation	by	or	causing	

avoidance	of	routine	physical	
activity	(e.g.	walking	or	
climbing	stairs)	

D. During	headache	at	least	one	of	the	
following:	

1. Nausea	and/or	vomiting	
2. Photophobia	and	

phonophobia	
E. Not	better	accounted	for	by	another	

ICHD-3	diagnosis	

Migraine	with	aura	

A. At	least	two	attacks	fulfilling	criteria	B	
and	C	

B. One	or	more	of	the	following	fully	
reversible	aura	symptoms:	

1. Visual	
2. Sensory	
3. Speech	and/or	language	
4. Motor	
5. Brainstem	
6. Retinal	

C. At	least	three	of	the	following	six	
characteristics	

1. At	least	one	aura	symptom	
spreads	gradually	over	³	5	
minutes.	

2. Two	or	more	aura	symptoms	
occur	in	succession	

3. Each	individual	aura	symptom	
lasts	5-60	minutes	

4. At	least	one	aura	symptom	is	
unilateral	

5. At	least	one	aura	symptom	is	
positive	

6. The	aura	is	accompanied,	or	
followed	within	60	minutes,	
by	headache	

D. Not	better	accounted	for	by	another	
ICHD-3	diagnosis	

CHRONIC MIGRAINE AND MEDICATION OVERUSE 

Chronic	migraine	represents	the	severe	end	of	the	migraine	spectrum.	It	is	defined	as	15	

or	more	headache	days	per	month	for	at	least	3	months,	whereof	at	least	8	days	with	

migraine	features	(22).		

Medication	overuse	is	an	important	risk	factor	for	chronification,	and	half	the	patients	

revert	to	episodic	migraine	with	medication	withdrawal	(22).		
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MIGRAINE IN CHILDREN AND ADOLESCENTS 

Symptoms	in	children	often	differ	from	those	in	adults,	and	it	may	be	difficult	to	

distinguish	between	the	primary	headache	types.	The	headache	phase	is	often	shorter,	

lasting	from	a	couple	of	hours	and	up	to	12-24	hours.	The	headache	pain	is	often	

bilateral	until	late	adolescence	or	early	adulthood,	when	unilateral	pain	becomes	more	

common.	In	childhood	there	are	also	several	equivalents	to	migraine,	including	cyclic	

vomiting	syndrome	(CVS),	abdominal	migraine,	benign	paroxysmal	vertigo	and	benign	

paroxysmal	torticollis.	Children	with	these	syndromes	have	increased	risk	of	developing	

migraine	as	they	grow	older,	and	the	syndromes	are	now	a	sub	classification	of	migraine	

in	ICDH-III,	“Episodic	symptoms	that	may	be	associated	with	migraine”	(22,	25)			

RISK FACTORS FOR DEVELOPING MIGRAINE 

HEREDITY AND GENETICS 

It	is	well-known	that	migraine	run	in	families,	and	first-degree	family	members	of	

migraine	sufferers	have	a	two-fold	risk	of	developing	migraine	themselves	(26).	

Furthermore,	clinical	studies	have	suggested	that	migraine	mainly	is	transmitted	

through	the	maternal	line	(27-31).	The	familial	clustering	of	migraine	is	likely	to	have	a	

strong	genetic	component,	as	twin	studies	have	estimated	the	heritability	of	migraine	to	

around	45%	(32).		

The	first	clues	of	a	genetic	component	in	migraine	was	seen	in	FHM.	This	subtype	of	

migraine	is	inherited	in	an	autosomal	dominant	fashion,	and	the	diagnosis	requires	at	

least	one	first-	or	second-degree	relative	with	the	disease	(22,	33).	Currently,	three	FHM	

genes	have	been	identified,	FHM1:	CACNA1A,	FHM2:	ATP1A2	and	FHM3:	CSN1A	(22,	

34).	All	of	these	genes	encode	proteins	involved	in	regulation	of	neuronal	activity,	

through	modulation	of	glutamate	availability	in	the	synaptic	cleft	(34).	However,	none	

seem	to	be	important	in	common	forms	of	migraine	(34).		

The	first	genetic	studies	on	common	migraine	were	candidate	gene	studies.	These	are	

hypothesis-driven	studies,	where	genes	are	selected	based	on	a	pathophysiologic	theory.	

For	migraine,	candidate	gene	studies	have	mainly	focused	on	ion	channels,	based	on	the	
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knowledge	that	ion	channels	are	important	in	FHM	(34).	Another	focus	has	been	genes	

involved	in	neurotransmitters	pathways,	like	dopamine	and	serotonin	(34).	Most	of	

these	studies	have	been	unsuccessful	in	identifying	migraine	risk	variants,	and	the	risk	

variants	that	have	been	found	have	not	been	replicated	in	subsequent	studies	(35).		

A	more	recent	approach	is	genome-wide	association	studies	(GWAS),	where	a	large	

number	of	variants	across	the	whole	genome	are	tested,	without	any	prior	hypothesis.	

The	first	migraine	GWAS,	including	a	few	thousand	patients,	was	published	in	2010	and	

found	one	significant	association	(34).		Eventually,	several	larger	studies	followed.	The	

largest	GWAS	meta-analysis	from	2016	included	59,674	migraine	cases	and	316,078	

controls.	They	found	44	independent	risk	variants	in	38	different	loci.	Only	two	of	the	

genes	are	encoding	ion	channel	proteins,	and	three	are	involved	more	generally	in	ion	

homeostasis	(36).	This	may	indicate	that,	in	contrast	to	FHM,	ion	channel	dysfunction	is	

not	the	primary	mechanism	of	migraine.	However,	the	five	genes	with	neuronal	

functions	still	indicate	a	neuronal	component	(37).	

On	the	other	side,	vascular	dysfunction	seems	to	be	important,	as	15	genes	were	

significantly	enriched	in	vascular	tissues	(36).	Furthermore,	nine	genes	are	also	

associated	with	vascular	disease,	or	are	involved	in	regulation	of	vascular	tonus	(36,	37).	

Additional	tissue	enrichment	analyses	and	analyses	of	chromatin	data,	performed	at	a	

later	stage,	found	enrichment	in	both	vascular	and	neurological	tissues	(37).	

Surprisingly,	11	of	the	genes	were	involved	in	metal	ion	homeostasis,	indicating	a	role	in	

migraine	pathogenesis	(37).	When	separating	the	analysis	on	migraine	types,	seven	loci	

were	found	for	MO,	while	none	were	found	for	MA.	However,	heterogeneity	analyses	

indicated	that	most	of	the	loci	are	implicated	in	both	migraine	subtypes,	and	that	the	

lack	of	findings	for	MA	may	reflect	lack	of	power	due	to	lower	sample	sizes	or	larger	

heterogeneity.	According	to	this	study,	MA	and	MO	seems	to	be	caused	by	a	common	

underlying	genetic	predisposition	(36).		

From	the	genetic	studies	performed	so	far,	it	seems	like	common	migraine	is	caused	by	a	

combination	of	multiple	low-impact	genetic	variants	and	environmental	factors	(37).	

But	while	several	risk	loci	have	been	found,	they	only	explain	about	15%	of	the	total	

heritability	(34).	This	missing	heritability	may	be	explained	by	rare	variants	with	

medium	to	high	risk,	or	a	large	collection	of	common	variants,	each	with	very	small	

effects,	or	a	combination	of	the	two.	The	risk	variants	that	are	found	so	far	have	
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relatively	low	odds	ratios	(OR),	ranging	from	1.03	to	1.28,	which	means	that	they	cannot	

individually	be	used	for	risk	prediction	(37).	Nevertheless,	they	may	contribute	to	

identify	genes	and	pathways	involved	migraine	pathophysiology,	in	particular	if	the	

exact	molecular	mechanism	can	be	identified	by	laboratory	experiments	(37).	In	

addition,	combining	the	effects	of	multiple	low-risk	variants	into	a	polygenic	risk	score	

may	better	identify	individuals	at	risk.	Using	this	approach,	a	study	reported	an	

increased	load	of	common	risk	variants	in	family	migraine	cases	(3.5%)	compared	to	

population	controls	(1.6%),	indicating	that	common	variants	provide	a	large	

contribution	to	the	familial	risk	of	migraine	(38).	The	risk	burden	was	higher	for	MA	

than	for	MO,	and	higher	for	early-onset	migraine	than	for	late-onset	(38).		

Some	of	the	missing	heritability	may	also	be	explained	by	epigenetic	factors;	interaction	

between	genes	or	between	genes	and	environment.	A	common	epigenetic	mechanism	is	

DNA-methylation,	adding	a	methyl-group	to	a	cytosine	base.	DNA	methylation	has	been	

associated	with	imprinting,	X	chromosome	inactivation	and	silencing	of	repetitive	DNA	

sequences,	and	is	most	commonly	associated	with	inactivation	of	genes	(39).	While	DNA	

methylation	may	be	inherited	over	generations,	it	may	also	change	with	environmental	

influences	(39).	A	recent	study	found	several	regions	where	the	DNA	methylation	in	

migraine	patients	differed	from	controls	(40).	These	regions	were	mainly	located	in	

regulatory	areas,	close	to	genes	involved	in	solute	transportation	and	homeostasis	(40).	

Another	study	from	the	HUNT	population	found	no	changes	in	DNA	methylation	in	

patients	transforming	from	episodic	headache	to	chronic	headache,	most	of	these	being	

migraineurs	(41).		

A	specific	epigenetic	phenomenon	is	imprinting,	where	the	genes	are	expressed	in	a	

parent-of-origin	specific	manner.	Imprinting	occurs	when	one	of	the	alleles	is	

methylated,	and	thus	repressed,	and	the	other	is	active,	depending	on	whether	it	is	

maternal	or	paternal	(42).	Imprinting	could,	in	theory,	explain	the	maternal-specific	

transmission	of	migraine,	if	only	the	maternal	alleles	were	expressed	at	migraine	risk	

loci.	This	parent-of-origin	effects	have	been	implied	in	several	complex	diseases,	like	

Alzheimer	disease,	autism,	bipolar	disorder,	schizophrenia	and	diabetes	(43).	Yet,	no	

studies	have	been	performed	on	migraine.		
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MITOCHONDRIAL DNA 

The	mitochondrial	genome	is	often	termed	the	forgotten	DNA.	It	is	normally	excluded	

from	regular	GWAS,	because	it	needs	special	considerations	in	calling,	quality	control	

and	analysis.		

The	mitochondria	are	small,	polymorphic	organelles	within	the	cells.	They	are	thought	

to	origin	from	a	bacterium	being	internalized	in	early	eukaryote	cells,	and	eventually	

integrated	as	a	normal	function	during	evolution	(44,	45).	While	the	nucleus	specialized	

in	encoding	anatomical	cell	elements,	the	mitochondria	specialized	in	encoding	core	

energy	elements	(46).	During	evolution,	most	of	the	original	mitochondrial	genes	have	

been	lost,	or	transferred	to	the	nuclear	genome.	The	human	mitochondrial	DNA	

(mtDNA)	now	consists	of	a	16,596	base	pair	long,	circular	structure,	which	encodes	37	

genes	(45).	Of	these,	13	encodes	proteins	that	are	part	of	the	energy	production	

machinery	(45).	The	rest	of	the	genes	encode	22	transfer	RNA	and	2	ribosomal	RNA,	

which	are	essential	components	in	the	translation	apparatus	(45).	Still,	most	of	the	

~1,500	mitochondrial	proteins	are	encoded	by	nuclear	DNA	(nDNA),	and	imported	into	

the	mitochondria	(47).		

The	main	function	of	the	mitochondria	is	production	of	ATP	through	oxidative	

phosphorylation,	generating	about	90%	of	the	body’s	energy	(46).	However,	the	

mitochondria	are	also	involved	in	calcium	signalling,	biogenesis	of	iron-sulphur	clusters,	

apoptosis,	tricarboxylic	acid	cycle	and	urea	cycle	(47).	Variation	in	mtDNA	may	

therefore	affect	a	variety	of	different	cells	and	different	functions.		

In	contrast	to	nDNA,	each	cell	may	contain	100’s	to	1000’s	of	copies	of	the	mtDNA	(46).	

Mutation	rates	are	also	several	times	higher	than	in	nDNA,	probably	due	to	limited	DNA	

repair	and	increased	oxidative	stress	(48).	Because	the	mitochondrial	genome	is	

randomly	replicated,	a	mutation	may	involve	only	a	proportion	of	the	mtDNA	copies	

within	a	cell,	tissue	or	organism,	a	phenomenon	termed	heteroplasmy	(47,	49).		

Several	hundred	pathogenic	mtDNA	mutations,	which	are	associated	with	a	variety	of	

phenotypes,	have	been	identified	(47).	Best	studied	are	the	primary	mitochondrial	

diseases,	which	are	caused	by	mutations	that	are	severe	enough	to	give	a	clinical	

phenotype.	Most	commonly,	these	diseases	involve	tissues	with	high	energy	demand,	

like	the	brain,	heart	and	skeletal	muscles	(46).		Samples	from	the	umbilical	cord	have	
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found	that	1/200	newborns	carry	a	pathogenic	mtDNA	mutation	(46),	but	the	majority	

do	not	have	detectable	phenotypes,	as	the	mutations	are	present	in	low	levels,	or	it	

needs	to	interact	with	other	factors	to	give	disease	(47).	Interestingly,	mtDNA	variation	

have	also	been	linked	to	complex	disorders,	like	cardiovascular	disease,	Alzheimer	and	

Parkinson	disease	(46)	and	metabolic	traits,	including	body	weight,	glucose	and	insulin	

(50).		

Mitochondrial	dysfunction	and	mtDNA	variation	have	been	implied	in	migraine	

pathogenesis.	First,	findings	of	structurally	abnormal	mitochondria	and	signs	of	

impaired	energy	metabolism	have	been	reported	in	migraine	patients	(51,	52).	Some	of	

the	same	abnormalities	are	also	seen	in	patients	with	the	mitochondrial	

encephalomyopathies	mitochondrial	encephalopathy,	lactic	acidosis	and	stroke-like	

episode	(MELAS),	myoclonic	epilepsy	with	ragged-red	fibers	(MERRF)	and	Leber	

hereditary	optic	neuropathy	(LHON)	(51).	Second,	migraine-like	headache	is	commonly	

seen	in	patients	with	MELAS,	where	it	is	the	predominant	symptom	at	onset	in	50%,	and	

is	reported	in	70-90%	during	the	course	of	the	disease	(51).	Migraine	headache	is	also	

seen	in	patients	with	MERRF,	LHON	and	neuropathy,	ataxia	and	retinitis	pigmentosa	

(NARP),	although	less	commonly	(51).	Third,	studies	have	indicated	that	a	ketogenic	

diet,	which	affects	mitochondrial	metabolism,	has	effect	on	migraine	attack	frequency	

and	duration	(53).	In	addition,	riboflavin,	which	is	important	in	mitochondrial	

processes,	may	have	an	effect	in	migraine	prophylaxis	(53).		

Until	now,	studies	on	mtDNA	and	migraine	have	focused	on	candidate	variants,	and	

mainly	those	associated	with	the	mitochondrial	encephalomyopathies.	The	studies	

published	so	far	have	included	small	sample	sizes,	and	none	of	variants	linked	to	

mitochondrial	encephalomyopathies	have	showed	associations	with	migraine	(51-53).	A	

few	studies	have	focused	on	other	variants.	The	largest	included	120	migraine	patients,	

and	reported	two	significant	variants	at	m.16519C>T	and	m.3010G>A	(54).	Another	

study	found	an	associated	variant	at	m.4336A>G,	which	has	previously	been	associated	

with	Alzheimer	and	Parkinson	disease	(55).	Neither	of	these	findings	have	been	

replicated.	Furthermore,	no	mitochondrial	genome-wide	study	has	been	performed	yet.			

Nuclear	genes	encoding	mitochondrial	proteins	(NEMPs)	may	also	contribute	to	

mitochondrial	dysfunction,	although	they	cannot	explain	the	maternal	transmission	of	

migraine.	The	largest	GWAS	of	migraine	to	date	did	not	specifically	report	any	NEMP	
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genes	(36).	However,	two	of	the	reported	loci	are	close	to	MMP2L	and	ARMS2,	that	are	

likely	encoding	mitochondrial	proteins,	according	to	MitoCarta	(56).	A	study	focusing	on	

NEMPs,	reported	three	associated	variants,	rs7681294	in	ELOVL6,	rs2073815	in	SARDH	

and	rs9327298	in	CSNK1G3,	which	also	replicated	in	an	independent	cohort	(57).		

ENVIRONMENTAL RISK FACTORS 

Several	environmental	factors	have	been	implied	in	migraine,	but	none	of	them	have	

strong	causal	evidence.		

The	strongest	association	have	been	found	between	female	sex	and	migraine.	Migraine	

is	2-3	times	more	common	in	females	than	in	males,	and	female	hormones,	in	particular	

oestrogen,	have	been	proposed	as	the	most	likely	cause	(6).	Migraine	prevalence	rises	

rapidly	from	puberty,	but	to	a	much	larger	degree	in	females	than	in	males	(1,	6).	During	

menopause,	the	risk	of	migraine	increases,	probably	related	to	hormonal	changes.	After	

menopause	the	hormonal	concentrations	stabilize,	and	migraine	prevalence	drops	(6).	

However,	the	link	between	the	menstrual	cycle	and	migraine	differs	between	the	two	

migraine	subgroups.	Menstruation	is	strongly	associated	with	MO,	with	a	higher	risk	of	

migraine	around	the	time	of	the	menstrual	period	(6).	During	pregnancy,	MO	seems	to	

improve	(6).	In	contrast,	MA	is	likely	to	continue,	or	even	debut	during	pregnancy	(6).	

Combined	hormonal	contraception	is	associated	with	MA,	while	MO	is	more	likely	to	

occur	during	the	hormone-free	intervals	(6).	In	summary,	MO	seems	to	be	associated	

with	increased	levels	of	oestrogen,	while	MA	seems	to	be	associated	with	decreased	

levels.		

The	association	between	migraine	and	psychiatric	disorders,	like	anxiety	and	

depression	has	also	been	thoroughly	studied,	but	the	association	seems	to	go	in	both	

directions	(8,	58,	59).	Previously	stressful	events,	like	abuse	and	violence	are	also	

associated	with	increased	risk	of	migraine	(58,	60).		

Migraine	has	been	linked	to	an	overall	unfavourable	cardiovascular	risk	profile	(61),	and	

it	has	also	been	specifically	associated	with	low	socioeconomic	status	(7),	overweight	

(62),	smoking,	low	alcohol	consumption	(63,	64)	and	inactivity	(64,	65).	However,	

physical	activity	has	also	been	reported	to	trigger	migraine	attacks	(65).		Our	group	

performed	a	mendelian	randomization	study	to	examine	the	causal	relationship	
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between	smoking	and	migraine,	but	found	no	evidence	that	smoking	causes	migraine	

(66).		

In	addition,	migraine	has	been	linked	to	several	somatic	disorders,	like	sleep	disorders	

(67),	cardiovascular	disease	(68),	musculoskeletal	pain,	hypertension,	asthma	and	

allergy,	other	immune-	and	inflammatory	diseases	and	epilepsy	(7).		

Few	studies	have	investigated	factors	related	to	pregnancy	and	birth.	One	study	

examined	the	association	between	foetal	growth	restriction	(FGR),	and	migraine	in	11-

year	old	children,	with	negative	findings	(69).	However,	the	prevalence	of	migraine	is	

low	in	this	age	group	(1).	Some	of	the	same	authors	have	also	performed	a	longitudinal	

study	on	perinatal	complications	combined,	but	did	not	find	an	association	with	

migraine	at	age	26	(70).	A	third	study	compared	children	with	migraine	and	tension-

type	headache	(TTH),	and	found	increased	prevalence	of	asphyxia	during	labour	among	

migraine	patients.	However,	no	headache-free	control	group	was	included	(71).	A	fourth	

study	found	no	association	between	maternal	smoking	or	alcohol	use	during	pregnancy,	

and	episodic	headache	in	school	children,	but	there	was	an	increased	risk	of	chronic	

headache	(72).	Premature	birth	and	headache	have	also	been	studied,	with	negative	

findings	(73).		
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AIMS OF THE THESIS 

The	overall	aim	of	the	work	was	to	explore	environmental	and	genetic	causes	of	

migraine,	using	the	population-based	HUNT-study.		

The	specific	aims	of	the	papers	were:		

1) To	clarify	the	association	between	FGR	and	migraine	and	TTH	in	adulthood	

(Paper	I)	

2) To	clarify	mother-offspring	and	father-offspring	associations	of	migraine	

3) To	explore	whether	variation	in	mtDNA	or	NEMPs	are	associated	with	migraine.		
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MATERIALS AND METHODS 

STUDY POPULATION 

The	Nord-Trøndelag	Health	Study	(HUNT)	is	a	large,	population-based	cohort	study	

from	Nord-Trøndelag	county	in	Norway.	The	study	has	been	carried	out	in	four	waves	

(HUNT1-4),	where	HUNT4	has	just	finalized	the	data	collection.	In	the	Adult-HUNT	

surveys,	all	inhabitants	³	20	years	were	invited	to	participate.	In	the	corresponding	

Young-HUNT	surveys,	all	adolescents	in	junior	high	and	high	school	(aged	13-19	years)	

were	invited.	In	this	thesis	we	have	included	data	from	the	Adult-HUNT2-3	and	the	

Young-HUNT1-3	surveys.	In	Adult-HUNT,	data	were	collected	through	questionnaires	

and	clinical	examinations.	The	first	questionnaire	was	given	to	the	participants	together	

with	the	invitation	letter.	It	was	handed	in	at	the	clinical	examination,	were	they	also	

gave	blood	samples	for	DNA	extraction.	At	the	same	time,	they	received	the	second	

questionnaire,	which	included	the	headache	questions.	This	questionnaire	was	returned	

by	mail.	In	Young-HUNT,	data	collection	was	mainly	performed	during	school	hours,	and	

included	self-reported	questionnaires,	a	structured	headache	interview	and	clinical	

measurements.	DNA	was	collected	through	buccal	swab.	The	participation	rates	are	

varying,	and	the	highest	are	reported	in	the	Young-HUNT	surveys.	An	overview	of	the	

surveys	included	in	this	thesis,	together	with	the	participation	rates,	are	given	in	Figure	

3.		

	

Figure	3.	Overview	of	the	HUNT	cohorts	included	in	this	thesis.		
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In	the	first	paper,	only	Adult-HUNT3	was	included,	while	in	the	second	paper,	all	five	

surveys	were	included.	In	the	third	paper,	Adult-HUNT2	and	Adult-HUNT3	were	

included.		

HEADACHE DIAGNOSES 

ADULT-HUNT 

Headache	diagnoses	in	the	Adult-HUNT	surveys	were	assessed	through	questionnaires,	

based	on	a	modified	version	of	the	ICHD-II.	The	individuals	were	first	asked	whether	

they	had	suffered	from	headache	the	last	12	months.	The	ones	answering	“yes”	were	

classified	as	headache	sufferers	and	the	ones	answering	“no”	were	classified	as	

headache-free	controls.	The	subsequent	headache	questions	were	designed	to	classify	

migraine,	and	in	HUNT3	also	TTH	(see	Box	2	and	Box	3).		Several	definitions	of	

migraine	have	been	validated,	including	a	restrictive	and	a	liberal	set	of	criteria	(74,	75).	

The	restrictive	criteria	were	used	in	paper	1,	where	only	HUNT3	data	were	included	

(Box	5).	In	this	study	we	also	analysed	frequent	TTH,	which	is	defined	as	TTH	at	least	

one	day	a	month.	Only	the	validity	of	frequent	TTH	was	considered	in	the	validation	

study,	as	the	authors	previously	found	that	those	with	less	frequent	headache	do	not	

consider	themselves	as	headache	sufferers	(75).	In	paper	2	and	paper	3	we	included	

data	from	both	HUNT2	and	HUNT3,	using	the	liberal	migraine	criteria	(Box	4	and	Box	

5).	Since	TTH	cannot	be	separated	from	other	types	of	non-migrainous	headache	in	

HUNT2,	we	classified	those	not	fulfilling	the	criteria	for	migraine,	as	non-migrainous	

headache	sufferers.	In	this	paper,	we	also	used	the	questions	about	headache	frequency	

to	separate	those	with	low-frequent	migraine	(<	7	days/month)	and	high-frequent	

migraine	(≥	7	days/month).	For	paper	3,	we	used	the	liberal	sets	of	migraine	criteria.	

The	validity	of	the	diagnoses	is	discussed	in	Methodological	considerations.		
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Box	2.	Headache	questionnaire	in	Adult-HUNT2	

	

	 	

1. Have	you	suffered	from	headache	during	the	last	12	months?	
a. Yes,	in	attacks	(migraine)	
b. Yes,	another	type	of	headache	
c. No	

2. How	many	attacks	have	you	had	during	the	last	12	months?	
3. Approximately	how	many	days	per	month	do	you	suffer	from	headache?	

a. Less	than	7	days	
b. 7-14	days	
c. More	than	14	days	

4. For	how	long	does	the	headache	attacks	usually	last?	
a. Less	than	4	hours	
b. 4	hours	to	3	days	
c. More	than	3	days	

5. How	often	is	your	headache	dominated	or	accompanied	by:	(seldom	or	
never/sometimes/often)	

a. Pulsating	pain	
b. Pressing	pain	
c. One-side,	always	on	the	same	side	
d. One-side,	alternately	on	the	left	and	right	side	
e. Pain	in	the	whole	head	
f. Nausea	
g. Increased	sensitivity	to	light	and/or	sound	
h. Getting	worse	by	physical	activity	
i. Visual	disturbances	prior	to	headache	
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Box	3.	Headache	questions	in	Adult-HUNT3	

	

	 	

1. Have	you	suffered	from	headache	during	the	last	12	months?	
a. Yes	
b. No	

2. If	yes,	what	type	of	headache?	
a. Migraine	
b. Other	headache	

3. State	the	average	number	of	headache	days	per	month	
a. <	1	day	
b. 1-6	days	
c. 7-14	days	
d. >	14	days	

4. Usually,	what	is	the	pain	intensity?	
a. Mild	(does	not	inhibit	daily	activities)	
b. Moderate	(inhibiting,	but	not	preventing	daily	activities)	
c. Severe	(daily	activities	suspended)	

5. For	how	long	does	the	headache	usually	last?	
a. <	4	h	
b. 4	h	–	1	day	
c. 1-3	days	
d. >	3	days	

6. Is	the	headache	usually	accompanied	or	dominated	by	(yes/no)	
a. Pulsating	pain	
b. Pressing	pain	
c. One-sided	pain	(right	or	left)	
d. Getting	worse	by	physical	activity	
e. Nausea	and/or	vomiting	
f. Increased	sensitivity	to	light	and	sound	

7. Prior	to,	or	during	headache,	could	you	temporary	have	(yes/no)	
a. Visual	disturbance	(flickering	lights,	spots	or	lines,	loss	of	vision)	
b. Sensory	symptoms	in	one	hand	or	half	of	the	face	

8. State	the	number	of	days	in	the	past	3	months	you	missed	work	or	school	
because	of	headache	
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Box	4.	Criteria	for	the	diagnosis	of	migraine	in	Adult-HUNT2,	used	in	this	thesis	

	

*	Migraine	with	aura:	Also	accepting	headache	attacks	<	4	hours	if	reporting	often	visual	

disturbances	prior	to	headache.		

Box	5.	Criteria	for	the	diagnosis	of	migraine	in	Adult-HUNT3,	used	in	this	thesis	

	

*	Headache	duration	<	4	hours	also	accepted	because	the	participants	were	not	asked	for	

duration	of	untreated	attacks.	

Liberal	criteria	(definite	and	probable	migraine)	

Fulfilling	the	following	criteria:		

1. Headache	lasting	4-72	h*	
2. Headache	had	often	or	sometimes	one	of	the	following	three	characteristics:	

a. Pulsating	quality	
b. Unilateral	location	
c. Aggravation	by	physical	activity	

3. During	headache,	at	least	one	of	the	following	was	often	or	sometimes	present:	
a. Nausea	
b. Photophobia	and/or	phonophobia	

Restrictive	migraine	criteria	(definite	migraine)	

1. Headache	lasting	£	72	h*	
2. Headache	had	usually	at	least	two	of	the	following	four	characteristics:	

a. Pulsating	quality	
b. Unilateral	location	
c. Moderate	or	severe	intensity	
d. Aggravation	by	physical	activity	

3. During	headache,	at	least	one	of	the	following	
a. Nausea	and/or	vomiting	
b. Increased	sensitivity	to	light	and	sound	

Liberal	migraine	criteria	as	in	HUNT	2	(definite	and	probable	migraine)	

Self-reported	migraine	or	fulfilled	the	criteria	1,	3	and	modified	criteria	2	(headache	
had	usually	at	least	one	of	the	following	three	characteristics:	pulsating	quality,	
unilateral	location	or	aggravation	by	physical	activity)	
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YOUNG-HUNT 

In	Young-HUNT,	headache	diagnoses	were	obtained	through	a	structured	interview,	

performed	by	trained	nurses.	The	adolescents	were	asked	if	they	had	experienced	

recurrent	headache	over	the	past	12	months	that	were	not	related	to	cold,	fever	or	any	

other	disease.	Those	who	answered	“no”	were	considered	headache-free	controls,	and	

those	who	answered	“yes”	were	considered	to	have	active	headache.	They	were	read	

two	typical	headache	symptom	history	descriptions,	one	for	migraine	and	one	for	TTH,	

and	were	asked	to	classify	their	headache(s)	according	to	these	(Box	6).	These	headache	

diagnoses	were	not	mutually	exclusive.	Since	the	Young-HUNT	studies	were	combined	

with	Adult-HUNT2,	where	TTH	cannot	be	separated	from	other	non-migrainous	

headaches,	we	classified	those	not	having	migraine	as	non-migrainous	headache	

sufferers	(e.g.	those	with	TTH	only,	or	headache	not	resembling	any	of	the	two	

descriptions).	This	resulted	in	two	mutually	exclusive	diagnoses.	The	validity	of	the	

diagnoses	is	discussed	in	Methodological	considerations.	

Box	6.	Headache	descriptions	used	in	the	nurse	interviews	

	

	

Alternative	1	(Migraine)		

This	headache	often	comes	in	attacks,	the	pain	is	moderate	or	severe,	and	may	start	on	one	
side	of	the	head.	The	headaches	are	pounding	or	pulsating,	and	I	prefer	not	to	move	my	head.	I	
am	often	nauseated	and	may	vomit.	When	I	have	this	headache	light	or	sounds	bother	me.	

Alternative	2	(TTH)		

This	headache	may	start	gradually	and	the	pain	is	mild	or	moderate.	The	pain	is	usually	
located	in	the	whole	head,	or	in	the	neck.	It	feels	tightening	or	pressing	(like	a	band	around	
the	head).	I	usually	have	no	nausea	or	vomiting.	When	I	have	this	headache,	I	can	normally	
keep	on	with	my	schoolwork,	homework	and	normal	physical	activity.	

Alternative	3	(non-classifiable	headache)		

Neither	alternative	1	or	2	describes	my	headache	
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In	paper	2,	we	used	information	from	Statistics	Norway	to	link	information	about	

offspring	headache	and	information	about	parental	headache,	through	the	use	of	

personal	identification	numbers,	specific	to	all	Norwegian	inhabitants.		

FOETAL GROWTH RESTRICTION 

In	paper	1,	we	linked	the	Adult-HUNT3	survey	data	to	the	Medical	Birth	Registry	to	

obtain	information	about	body	measurements	at	birth.	We	used	the	traditional	

definition	of	FGR;	birth	weight	by	gestational	age	and	sex	below	the	10th	percentile.	This	

definition	is	equal	to	being	small	for	gestational	age	(SGA)	(76).	Since	it	has	been	shown	

that	SGA	may	include	a	considerable	proportion	of	constitutionally	small	foetuses	(77),	

it	has	been	suggested	that	using	the	3rd	percentile	as	cut-off	would	better	identify	true	

growth	restricted	newborns	(78,	79).	We	therefore	defined	two	mutually	exclusive	

groups,	those	between	the	3rd	and	10th	percentile	(SGA)	and	those	below	the	3rd	

percentile	(very	small	for	gestational	age,	VSGA).	Individuals	born	with	an	appropriate	

weight	for	gestational	age	(AGA),	between	the	10th	and	90th	percentile,	were	used	as	a	

reference	group.	Those	being	large	for	gestational	age	(LGA),	>	90th	percentile,	were	

included	in	prevalence	calculations	only.		

COVARIATES 

The	HUNT	questionnaires	contain	a	variety	of	health-related	questions,	which	provide	

the	opportunity	to	include	them	as	covariates	in	the	analyses.	In	paper	1,	age	and	sex	

were	considered	possible	confounders	or	effect	modifiers.	In	paper	2,	age	and	sex	were	

included	in	the	analyses,	as	we	know	that	migraine	vary	greatly	with	age	and	sex	(3).	We	

also	considered	additional	potential	confounders	that	had	previously	showed	

associations	with	migraine.	Parental	level	of	education	was	available	through	Statistics	

Norway,	and	information	about	psychological	health	and	lifestyle	were	available	

through	the	HUNT	questionnaires.	In	paper	3,	we	included	sex,	birth	year,	genotype	

batch	and	ancestry	as	covariates	(see	separate	section	about	genetic	data	for	details).			
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STATISTICAL ANALYSIS 

In	paper	1,	we	performed	a	binary	logistic	regression,	with	migraine	and	TTH	as	

outcome	and	FGR	as	exposure.	SGA	and	VSGA	were	analysed	separately,	using	AGA	as	a	

reference	group.	To	determine	which	covariates	to	include	in	the	analysis,	we	

determined	that	a	confounding	effect	was	present	if	there	was	a	>	5%	change	between	

the	adjusted	OR	and	crude	OR.	Effect	modification	was	defined	as	a	significant	

interaction	at	p	<	0.05.	

In	paper	2,	we	performed	a	mixed	logistic	regression,	modelling	dependencies	within	

families	as	random	effects	and	the	other	covariates	as	fixed	effects.	Offspring	was	

included	in	the	model	as	outcome,	and	parental	headache	as	exposure.	We	analysed	both	

migraine	and	non-migrainous	headache	in	both	parents	and	offspring.	In	addition,	we	

performed	the	analysis	on	male	and	female	offspring	both	combined	and	separately.	

Secondary	analyses	were	performed	modelling	parental	headache	frequency	as	the	

independent	variable.	After	feedback	from	the	reviewers,	we	also	performed	the	main	

analysis	in	a	sample	of	all	ages,	e.g.	not	excluding	those	³	52	years	of	age.	To	determine	

which	covariates	to	include	in	the	analyses,	we	first	modelled	all	potential	confounders	

with	a	Directed	Acyclic	Graph	(DAG)	to	visualize	causal	assumptions.	For	covariates	that	

were	likely	to	act	as	confounders,	we	used	the	Mantel-Haenszel	method	to	quantify	the	

confounding	effect.	In	the	final	model	we	included	variables	that	changed	the	estimate	³	

5%	from	the	crude	estimate.	

The	statistical	methods	used	in	paper	3	are	discussed	separately	in	the	next	section.		

GENETIC DATA 

GWAS	typically	focus	on	single	base	substitutions,	termed	single	nucleotide	

polymorphisms	(SNPs),	which	are	the	most	common	type	of	genetic	variation	in	humans	

(80).	While	the	majority	of	the	SNPs	do	not	seem	to	have	a	biological	function,	those	that	

do	explain	the	great	diversity	among	humans	(80).	In	addition	to	SNPs,	there	are	also	

other	types	of	variation,	including	deletion	or	insertion	of	nucleotides,	and	larger,	

structural	changes.		
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In	GWAS,	data	are	usually	collected	by	either	of	two	methods;	microarrays	or	

sequencing.	A	microarray,	or	chip	measures	a	specific	set	of	DNA	bases,	often	known	to	

vary	within	populations.	DNA	sequencing	determines	the	entire	sequence	of	nucleic	

acids	in	the	whole	genome	(whole	genome	sequencing,	WGS)	or	in	coding	regions	

(whole	exome	sequencing,	WES).	Sequencing	techniques	capture	more	of	the	variation	

than	microarrays,	but	are	more	expensive.	Therefore,	using	microarrays	often	makes	it	

possible	to	genotype	a	larger	sample,	which	improves	power.	Even	if	recent	microarrays	

are	able	to	include	more	than	1	million	variants,	only	a	fraction	of	the	>	10	million	

variants	that	probably	exist,	are	covered	(81).	Therefore,	microarray	data	are	usually	

imputed.	Genotype	imputation	includes	predicting	genotypes	at	positions	not	directly	

genotyped,	using	previously	sequenced	individuals	as	a	reference	panel.	Shared	

stretches	of	closely	related	alleles,	called	haplotypes,	are	identified,	and	missing	

genotypes	are	filled	in	by	copying	the	alleles	from	the	matching	reference	haplotypes	

(81).	With	genotype	imputation,	tens	of	millions	of	variants	can	be	assessed.	As	a	

separate	regression	analysis	is	performed	for	each	variant,	correction	for	multiple	

testing	is	necessary.		

GENOTYPING IN HUNT 

DNA	was	collected	in	Adult-HUNT2	and	Adult-HUNT3	though	blood	samples.	Serum	was	

separated	from	whole	blood	within	2	hours	by	centrifugation,	placed	in	a	refrigerator	

together	with	a	blood	clot	or	EDTA	whole	blood,	and	transported	in	a	cooler	to	the	

HUNT	Biobank,	where	it	was	stored	at	-70oC.	DNS	was	isolated	from	leukocytes	from	

thawed	blood	clots	or	EDTA	whole	blood	by	using	Gentra	Puregene	Blood	Kit	(Quiagen	

Diagnostics	GmbH,	Hamburg,	Germany)	or	MasterPure	DNA	purification	Kit	for	blood,	

Buffy	Coat	DNA,	Purification	Protocol	(Epicentre)	and	stored	at	-20oC.	DNA	

concentrations	were	quantified	using	PicoGreen	reagents,	and	every	eight	normalized	

sample	was	spectrophotometrically	tested	a	second	time	using	NanoDrop	(ND1000	or	

ND8000)	(Thermo	Fisher	Scientific	Inc.,	Waltham,	MA,	USA).	Purity	was	assessed	based	

on	the	A260/A280	ratios.		

Genotyping	of	71,860	individuals	was	performed	at	the	Genomics-Core	Facility	(GCF)	at	

the	Norwegian	University	of	Science	and	Technology,	NTNU	by	the	HUNT-Michigan	

(HUNT-MI)	collaboration.	Three	different	microarrays	were	used,	combing	common	
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GWAS	variants	and	rare	exome	variants	(Illumina	HumanCoreExome12	v.1.0,	

HumanCoreExome12	v1.1	and	HumanCoreExome24	with	custom	content).	The	arrays	

also	included	369-394	mitochondrial	variants.			

Stringent	quality	control	is	required	to	exclude	samples	or	variants	of	bad	quality,	which	

may	bias	the	analysis.		As	the	nDNA	and	mtDNA	have	significant	differences,	they	were	

handled	separately	from	the	stage	of	genotype	calling.			

CALLING, QUALITY CONTROL AND IMPUTATION OF MITOCHONDRIAL GENOTYPES 

In	contrast	to	nuclear	genotypes,	there	are	no	standard	procedures	for	calling,	quality	

control	and	imputation	of	mitochondrial	genotypes.	We	combined	information	from	

previous	studies,	knowledge	from	experienced	collaborators,	and	common	sense	to	

develop	our	approach.			

Since	haploid	variants	are	not	handled	by	the	GenTrain	clustering	algorithm,	all	variants	

were	manually	clustered.	We	allowed	only	homozygous	calls,	and	observations	falling	

between	the	two	homozygous	clusters	were	excluded.	Variants	of	low	quality,	

determined	by	visual	inspection,	or	redundant	variants	with	the	lowest	quality	were	

excluded.	We	used	BLAT	(82)	to	align	our	genotypes	against	the	revised	Cambridge	

Reference	Sequence	(rCRS).	Only	variants	that	could	be	mapped	perfectly,	or	with	

unique	match	with	single	mismatch,	were	included.	In	addition,	we	excluded	variants	

with	call	rate	<	98\%.	Monomorphic	variants	were	excluded	after	merging	the	three	

batches.		

We	excluded	all	samples	not	passing	quality	control	for	nuclear	variants,	in	addition	to	

samples	with	call	rate	<	98\%	for	mitochondrial	variants.	Since	no	established	method	

are	able	to	handle	mitochondrial	relatedness,	we	excluded	all	first-or	second-degree	

maternal	relatives	(n	=	36,923).		

Imputation	of	30,653	samples	was	performed	with	IMPUTE2	v.2	(83),	using	a	

combination	of	1000	Genomes	Project	(84)	and	2,191	low-coverage	WGS	samples	from	

the	HUNT	study	as	reference	panels.	We	managed	to	perform	haploid	imputation	by	

assigning	all	participants	with	male	sex,	and	following	the	instructions	for	chromosome	

X	imputation.	While	this	was	a	novel	method	at	the	time	we	performed	the	imputation,	

another	study	using	the	same	approach	was	published	during	the	process	of	finalizing	
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our	article	(85).		After	imputation	we	excluded	variants	with	imputation	quality	score	

(INFO)	<	0.3.	The	posterior	probabilities	from	IMPUTE2	were	converted	to	dosages,	

ranging	from	0-1.	For	the	analysis,	we	included	775	mitochondrial	variants	and	18,309	

participants	who	passed	quality	control,	were	not	closely	maternally	related	and	had	

information	on	migraine	status.		

DEFINITION OF MITOCHONDRIAL HAPLOGROUPS 

We	used	the	directly	genotyped	mtDNA	variants	to	predict	the	most	likely	haplogroup,	

using	Phylotree17	(86),	implemented	in	Haplogrep2	(87).	The	samples	were	assigned	to	

the	major	European	haplogroups,	H,	V,	HV,	J,	T,	U,	K,	Z,	W,	X,	I	and	N,	or	to	a	group	of	

“Others”.	Samples	with	a	haplogroup	quality	score	of	<	0.9	were	excluded,	in	addition	to	

samples	not	passing	quality	control	for	mitochondrial	or	nuclear	variants.	We	also	

excluded	first-	or	second-degree	maternal	relatives,	resulting	in	a	final	sample	size	of	

17,415	participants.		

CALLING, QUALITY CONTROL AND IMPUTATION OF NUCLEAR VARIANTS 

Calling	was	performed	in	Illumina	GenomeStudio	v.2011.1	and	Z	call,	following	

procedures	described	elsewhere	(88).	Samples	were	excluded	if	they	had	call	rate	<	

99%,	large	chromosomal	copy	number	variants,	were	contaminated,	technical	duplicate	

or	twins,	had	gonosomal	constellations	other	than	XX	or	XY,	or	inferred	sex	mismatched	

with	reported	sex.	The	probe	sequences	were	aligned	against	the	human	genome	

(Genome	Reference	Consortium	Human	genome	build	37;	http://genome.ucsc.edu/)	

using	BLAT	(82).	Variants	were	excluded	if	they	could	not	perfectly	map	to	the	reference	

genome,	had	cluster	separation	<	0.3,	gentrain	score	<	0.15,	deviation	from	Hardy	

Weinberg	equilibrium,	call	rate	<	99%,	or	another	assay	genotyped	the	same	variant.	

Ancestry	was	inferred	by	projecting	all	genotyped	samples	into	the	space	of	the	

principal	components	(PC’s)	of	the	Human	Genome	Diversity	Project	(HGDP)	reference	

panel,	using	PLINK	v1.90	(89).	The	three	batched	were	then	merged	and	harmonized,	

including	only	overlapping	variants	of	similar	allele	frequencies.	The	resulting	genotype	

data,	including	69,716	samples	were	phased	using	Eagle2	v2.3	(90)	before	they	were	

imputed	using	Minimac3	v2.0.1	(91).	As	reference	panel,	a	customized	Haplotype	

Reference	consortium	release	1.1	(HRC	v1.1),	including	2,201	WGS	HUNT	samples,	for	
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autosomal	variants	and	HRC	v	1.1	for	chromosome	X	variants	(92)	were	used.	After	

imputation,	variants	with	Rsq	<	0.3	were	removed,	resulting	in	~	25	million	well-

imputed	variants.		

To	extract	NEMPs,	we	used	MitoCarta	2.0	(56)	and	obtained	a	list	of	1,145	genes.	We	

included	an	area	10	kilobases	before	and	after	the	gene	to	ensure	that	regulatory	

regions	were	included.	In	total	382,967	genotyped	and	imputed	variants	were	included	

in	the	analyses	of	the	42,515	European	participants	that	passed	quality	control	and	had	

information	about	migraine	status.		

STATISTICAL ANALYSES 

For	analysing	mtDNA	variants,	we	performed	logistic	regression,	using	Firth	test	in	

EPACTS	v.3.3.0	(93).	We	included	sex,	birth	year,	batch	and	first	four	PC’s	as	covariates,	

and	excluded	variants	with	an	estimated	minor	allele	count	(MAC)	<	3	in	the	case	group.	

To	determine	the	number	of	independent	genetic	effects,	we	performed	a	spectral	

decomposition	analysis	(94,	95).	We	estimated	that	the	mtDNA	variants	in	our	data	

represented	249	independent	genetic	effects,	and	this	number	was	used	for	Bonferroni-

correction	of	the	p-value	threshold.	In	addition	to	search	for	novel	hits,	we	also	

specifically	examined	previously	reported	variants	reported	to	be	associated	with	

migraine,	or	that	are	strongly	implied	in	the	mitochondrial	encephalomyopathies.	Some	

of	the	rare	variants	associated	with	the	mitochondrial	encephalomyopathies	were	not	

present	in	our	data,	and	we	analysed	six	SNPs.		

For	the	mitochondrial	haplogroups,	we	analysed	the	candidate	haplogroup	by	using	all	

the	other	haplogroups	as	reference.	We	used	logistic	regression,	using	Firth	test	in	

EPACTS	v.3.3.0	(93).	Sex,	birth	year	and	batch	were	included	as	covariates,	and	we	used	

Bonferroni-correction	to	adjust	the	p-value	threshold	for	analysing	13	haplogroups.			

For	the	NEMP	variants,	we	performed	a	mixed	logistic	regression	using	SAIGE	(96),	

including	cryptic	relatedness	as	a	random	effect,	and	sex,	birth	year,	batch	and	first	four	

PC’s	as	fixed	effects.	We	used	Bonferroni-correction	to	adjust	for	multiple	testing,	and	

included	only	variants	with	an	estimated	MAC	³	3.	In	addition	to	searching	for	novel	hits,	

we	examined	NEMP	variants	that	have	previously	been	associated	with	migraine.	Two	of	

the	three	variants	reported	by	Stuart	et	al.	(57)	were	not	found	in	our	data,	as	the	genes	
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are	not	present	in	MitoCarta	(56).	Also,	the	variants	that	were	located	nearby	NEMP	

genes	in	Gormley	et	al.	(36)	were	not	analysed,	as	they	were	located	too	far	away	from	

the	genes	to	be	included	in	our	data.		
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SUMMARY OF THE RESULTS 

PAPER I: THE EFFECT OF FOETAL GROWTH RESTRICTION ON THE DEVELOPMENT OF 

MIGRAINE AND TENSION-TYPE HEADACHE IN ADULTHOOD. THE HUNT STUDY.  

In	paper	I,	we	aimed	to	clarify	the	association	between	FGR	and	migraine	and	TTH	in	

early	adulthood.	We	included	6,218	participants	from	the	HUNT-Study	that	was	linked	

to	data	from	MFR.	Of	these,	1,335	had	migraine	and	1,160	had	frequent	TTH.	We	found	

that	the	association	between	FGR	and	migraine	was	dependent	on	sex	(p	=	0.009),	and	

we	therefore	analysed	males	and	females	separately.	Including	age	in	the	model	did	not	

change	the	estimates,	and	age	was	therefore	not	included	in	the	final	model.		FGR	was	

associated	with	migraine	in	males	(p	for	trend	<	0.001)	but	not	in	females	(p	for	trend	=	

0.20).	In	particular	males	being	born	VSGA	were	at	increased	risk	of	developing	

migraine,	with	an	OR	of	2.73	(95%	Confidence	interval	(CI)	1.63-4.58,	p	<	0.001),	

compared	to	those	being	AGA.	Males	that	were	born	SGA	had	an	intermediate	risk	of	

migraine,	with	an	OR	of	1.50	(95%	CI	0.96-2.35,	p	=	0.08).	In	the	age-adjusted	

prevalence	estimates	we	found	that	migraine	was	twice	as	prevalent	among	those	born	

VSGA	(20.9%)	compared	with	those	born	AGA	(9.8%).		

In	the	association	between	TTH	and	FGR,	sex	had	a	confounding,	but	no	modifying	effect	

and	was	therefore	included	as	a	covariate	in	the	model.	Age	did	not	change	the	estimates	

and	were	therefore	not	included.	We	found	no	association	between	FGR	and	TTH	(p	for	

trend	=	0.051).		

In	conclusion,	we	found	that	FGR	is	associated	with	development	of	migraine	in	adult	

males,	but	not	in	females.		Our	findings	suggest	that	migraine	may	be	influenced	by	early	

life	events,	and	that	males	seem	be	particularly	vulnerable.		However,	the	findings	need	

to	be	replicated,	and	more	studies	are	needed	to	reveal	the	underlying	mechanisms.		

PAPER II: PARENTAL MIGRAINE IN RELATION TO MIGRAINE IN OFFSPRING: FAMILY 

LINKAGE ANALYSES FROM THE HUNT STUDY.  

In	paper	II,	we	aimed	to	clarify	mother-offspring	and	father-offspring	associations	of	

migraine,	by	linking	the	HUNT	questionnaires	from	offspring	and	parents.		In	our	sample	
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we	included	8,970	offspring	(4,830	females	and	4,140	males),	8,015	mothers	and	5,716	

fathers.	Among	the	offspring,	15.3%	of	the	females	and	6.3%	of	the	males	had	migraine,	

and	among	the	parents,	21.8%	of	the	mothers	and	10.1%	of	the	fathers	had	migraine.		In	

addition,	we	analysed	non-migrainous	headache,	which	was	present	in	29.5%	of	the	

female	and	18.4%	of	the	male	offspring,	35.8%	of	the	mothers	and	26.1%	of	the	fathers.		

Of	the	potential	confounders	identified	by	DAG,	none	were	found	to	have	a	significant	

confounding	effect.	Only	sex	and	age	were	therefore	included	in	the	final	model,	both	for	

migraine	and	non-migrainous	headache.		

We	found	that	both	maternal	migraine	(OR	2.76,	95%	CI	2.18-3.51,	p	<	0.001)	and	

paternal	migraine	(OR	1.67,	95%	CI	1.33-2.28)	were	significantly	associated	with	

offspring	migraine.	However,	the	association	was	stronger	between	mother-offspring	

than	between	father-offspring	(p	=	0.004).	All	results	remained	significant	also	after	

stratifying	on	offspring	sex,	with	minor	differences	between	female	and	male	offspring	

(OR	3.06,	95%	CI	2.12-4.42	for	mother-daughter,	OR	1.57,	95%	CI	1.06-2.33	for	father-

daughter,	OR	2.72,	95%	CI	1.91-3.88	for	mother-son	and	OR	1.87,	95%	CI	1.07-3.25	for	

father-son).	When	stratifying	on	parental	migraine	frequency,	both	low-frequent	(OR	

2.48,	95%	CI	1.95-3.16	for	mothers,	OR	1.55,	95%	CI	1.13-2.14	for	fathers)	and	high-

frequent	(OR	3.01,	95%	CI	2.12-4.26	for	mothers,	OR	2.19,	95%	CI	1.25-3.85	for	fathers)	

migraine	were	associated	with	offspring	migraine.	The	effect	sizes	for	low-	and	high-

frequent	migraine	did	not	differ	significantly	(p	=	0.27	for	mothers	and	p	=	0.28	for	

fathers).		

For	non-migrainous	headache,	we	found	a	significant	association	between	maternal	

headache	and	offspring	headache	(OR	1.25,	95%	CI	1.10-1.43),	but	not	between	paternal	

headache	and	offspring	headache	(OR	.11,	95%	CI	0.95-1.30).	When	stratifying	on	sex,	

the	association	remained	significant	in	mother-daughters	only	(OR	1.27,	95%	CI	1.08-

1.50,	p	=	0.005).		

In	conclusion,	we	found	that	both	maternal	and	paternal	migraine	were	associated	with	

offspring	migraine,	but	with	a	stronger	association	for	maternal	migraine.	For	non-

migrainous	headache,	the	associations	were	weaker,	and	only	significant	between	

mothers	and	offspring.	Our	results	indicate	a	substantial	contribution	from	genetic	

factors	in	migraine,	possibly	involving	of	maternal-specific	transmission,	such	as	
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mitochondrial	variants	or	genetic	imprinting.	However,	additional	studies	are	needed	to	

further	examine	these	mechanisms.		

PAPER III: MITOCHONDRIAL GENOME-WIDE ASSOCIATION STUDY OF MIGRAINE – THE 

HUNT STUDY 

In	our	third	paper,	we	aimed	to	explore	whether	variation	in	mtDNA	was	associated	

with	migraine,	by	performing	the	first	mitochondrial	genome-wide	association	study	of	

migraine.	In	addition,	we	aimed	to	identify	associations	between	migraine	and	variants	

in	NEMPs,	and	to	replicate	previously	reported	associations.		

After	careful	quality	control	and	filtering,	we	analysed	775	genotyped	and	imputed	

mtDNA	variants	in	18,309	individuals;	4,021	migraine	cases	and	14,288	controls.	None	

of	these	variants	were	significantly	associated	with	migraine.	The	variants	that	have	

previously	been	associated	with	migraine	or	with	the	mitochondrial	

encephalomyopathies,	did	not	replicate.	

For	the	analysis	of	mitochondrial	haplogroups,	we	included	17,415	samples	that	could	

be	reliably	assigned	to	a	haplogroup.	Of	these,	3,831	were	cases	and	13,584	were	

controls.	None	of	the	haplogroups	were	significantly	associated	with	migraine.		

Lastly,	we	analysed	298,592	nuclear	variants	in	1,145	genes	encoding	mitochondrial	

proteins.	We	included	9,478	migraine	cases	and	33,037	controls.	None	of	the	variants	

reached	Bonferroni-corrected	significance.	We	also	specifically	examined	the	variant	

reported	by	Stuart	et	al	(57),	but	it	did	not	replicate	(p	=	0.83).			
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DISCUSSION 

MAIN FINDINGS 

EARLY LIFE EVENTS AND THE RISK OF MIGRAINE 

In	paper	1	we	found	that	FGR	was	associated	with	migraine	in	young	men,	but	not	in	

women.	The	association	was	strongest	in	those	being	born	VSGA,	where	we	found	three	

times	higher	odds,	compared	to	those	being	born	AGA.	For	TTH,	we	found	no	association	

with	FGR.		

Few	previous	studies	have	investigated	the	effect	of	adverse	perinatal	events	and	later	

development	of	headache,	and	only	two	have	examined	migraine	specifically.	One	of	

them	performed	a	longitudinal	study	of	11-year	old	children,	and	reported	no	effect	of	

FGR	on	migraine	or	TTH	(69).	However,	at	the	age	of	11,	most	individuals	will	still	not	

have	developed	their	migraine,	as	the	prevalence	in	this	age	group	is	low.	(3).	In	

addition,	the	sample	size	was	relatively	small,	including	27	children	with	FGR	and	

migraine.	They	also	included	term	infants	only,	and	they	did	not	analyse	females	and	

males	separately.	A	second	study	reported	an	association	between	admission	to	the	

neonatal	intensive	care	unit	(NICU)	and	migraine	(97).	A	couple	of	other	studies	did	not	

separate	migraine	from	other	headache	types.	The	first	study	found	no	association	

between	prematurity	and	headache	at	age	8-10	(73).		The	second	study	reported	an	

association	between	tobacco	and	alcohol	use	during	pregnancy	and	chronic	daily	

headaches	later	in	life	(72).	

The	most	important	cause	of	FGR	is	placental	dysfunction	(98).	Placental	dysfunction	

leads	to	reduced	oxygen	and	nutrient	supply	to	the	foetus,	resulting	in	reduced	growth	

rate,	and	redistribution	of	blood	to	vital	organs,	like	the	brain	(98).	Despite	the	effort	to	

maintain	brain	function,	FGR	is	associated	with	several	neurological	difficulties	later	in	

life,	including	motoric,	cognitive	and	behavioural	(98).	FGR	has	also	been	linked	to	

various	neurological	and	neuropsychiatric	disorders	(98-100).	Furthermore,	several	

structural	and	functional	changes	have	been	found	throughout	the	brain	(98).	Of	

particular	interest	is	increased	glutaminergic	activity,	an	important	excitatory	

neurotransmitter	and	decreased	GABA-ergic	activity,	an	important	inhibitory	
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neurotransmitter	(101).	Both	of	these	neurotransmitters	are	strongly	implied	in	

migraine,	and	the	migraine	brain	is	described	to	be	in	a	“state	of	neuronal	

hyperexcitability”	(9,	12).	In	addition,	increased	levels	of	dopamine,	noradrenalin	and	

serotonin	are	reported	in	individuals	with	FGR	(101-103),	and	all	of	these	

neurotransmitters	have	also	been	implied	in	migraine	(9,	10,	12,	18).	This	imbalance	in	

neurotransmitters,	caused	by	FGR,	may	provide	a	potential	mechanism	for	the	later	

development	of	migraine.		

The	association	between	FGR	and	migraine	could	also	be	mediated	through	admission	to	

NICU,	which	involves	exposure	to	painful	procedures	and	stressful	events.	The	fact	that	

a	previous	study	found	an	association	between	admission	to	the	NICU	and	later	

development	of	migraine,	may	support	this	theory	(97).	Unfortunately,	information	

about	admission	to	NICU	was	not	available	in	our	data,	and	we	were	therefore	not	able	

to	perform	a	mediation	analysis.		

The	fact	that	FGR	seems	to	be	associated	with	migraine	only	in	males	was	initially	

surprising.	However,	we	found	that	it	was	in	line	with	previous	studies,	showing	a	

stronger	association	between	FGR	and	adverse	outcome	in	males,	compared	to	females,	

including	neonatal	complications	and	mortality	(104,	105),	cognition	(106),	cerebral	

palsy,	mental	and	psychomotoric	delays,	neurologic	impairment	(107)	and	school	

achievement	(108).	This	sex	difference	may	be	explained	by	male	and	female	foetus	

adapting	differently	to	stressful	events,	probably	mediated	by	the	foetal-placental	unit.	

The	female	placenta	ensures	survival	by	adjusting	to	adverse	events,	while	the	male	

placenta	does	not,	often	resulting	in	growth	restriction	(109).	It	seems	like	female	

foetuses	responds	more	adequately	to	asphyxia	(104),	preterm	birth	and	pre-eclampsia	

(109).	In	summary,	males	seem	to	be	especially	vulnerable	to	adverse	perinatal	events,	

and	reduced	supply	of	oxygen	and	nutrients	may	therefore	have	greater	consequences	

for	the	growing	brain	in	males.		

The	association	between	FGR	and	migraine	may	also	be	caused	by	shared,	unmeasured	

factors,	such	as	maternal	health,	smoking,	alcohol	consume,	socioeconomic	status	and	

pregnancy	complications.	These	are	all	likely	to	affect	the	risk	of	FGR,	but	there	is	little	

evidence	that	they	affect	the	risk	of	migraine.	Nevertheless,	maternal	migraine	could	

affect	both	the	risk	of	FGR	and	offspring	migraine.	The	fact	that	migraine	tends	to	run	in	

families	is	well	known,	(26),	but	there	is	less	evidence	for	the	association	between	
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maternal	migraine	and	FGR.	We	did	find	one	study,	mainly	focusing	on	maternal	

migraine	and	premature	birth,	which	also	indicated	an	association	between	maternal	

migraine	and	FGR	(110).	However,	the	results	were	only	suggestive,	and	have	not	been	

replicated.	Still,	examining	these	potential	confounding	effects	would	have	been	of	

interest,	but	the	information	was	unfortunately	not	available	from	the	Norwegian	

Medical	Birth	Registry.		

Lastly,	common	genetic	factors	could	cause	both	migraine	and	FGR.	Genome-wide	

studies	have	identified	60	SNPs	associated	with	birthweight,	but	whether	they	reflect	

the	effect	of	the	foetal	genotype	or	the	maternal	genotype	(through	affection	of	the	

intrauterine	environment)	is	not	entirely	clear	(111).	An	older	study	found	that	more	

than	50%	of	the	variation	in	birthweight	is	caused	by	foetal	genes,	and	less	than	20%	is	

caused	by	maternal	genes,	the	latter	being	explained	by	random	environmental	effects	

(112).	A	more	recent	study	used	a	method	that	partitions	trait	variance	into	

components,	and	found	that	foetal	genetic	variants	explained	28%	and	maternal	genetic	

variants	explained	8%	of	the	total	variance	in	birthweight	(111).		By	using	structural	

equation	modelling	(SEM)	to	quantify	the	foetal	and	maternal	genetic	effects,	a	study	

reported	10	maternal	loci	that	were	associated	with	offspring	birthweight	(113).	Seven	

of	the	loci	seemed	to	act	through	the	intrauterine	environment	rather	than	via	shared	

genetic	variants	with	the	foetus,	and	several	of	these	loci	have	previously	been	

associated	with	clinical	phenotypes,	including	glucose	levels,	sex	hormone	levels	and	

gestational	duration.	This	indicates	that	genetic	effects	acting	through	maternal	glucose	

levels,	cytochrome	P450	and	gestational	duration	are	important	to	foetal	growth	(113).	

The	separate	contributions	from	offspring	and	maternal	genotypes	have	not	yet	been	

studied	in	migraine,	but	using	existing	methods	(114,	115),	it	could	provide	interesting	

insight.			

To	summarize,	the	association	between	FGR	and	migraine	may	be	caused	by	decreased	

oxygen	and	nutrient	supply,	which	affect	the	growing	brain,	and	where	males	are	

especially	vulnerable.	It	may	also	be	mediated	through	admission	to	NICU.	However,	

confounding	effects	could	also	be	present,	including	maternal	health,	other	pregnancy	

related	factors	or	genetics.	To	clarify	this,	additional	studies	are	needed.			

The	fact	that	FGR	was	not	associated	with	TTH,	may	also	indicate	different	underlying	

mechanisms	in	migraine	and	TTH.		
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TRANSMISSION OF MIGRAINE IN FAMILIES 

In	paper	II,	we	found	that	both	maternal	and	paternal	migraine	were	associated	with	

offspring	migraine.	The	associations	were	stronger	in	mother-offspring	than	in	father-

offspring.	The	odds	for	offspring	migraine	increased	by	1.5-fold	if	the	father	had	

migraine,	and	by	2.9-fold	if	the	mother	had	migraine,	compared	to	those	with	headache-

free	parents.	When	separating	parental	migraine	on	attack	frequency,	the	associations	

with	offspring	migraine	were	still	significant	for	both	low-	and	high	frequent	migraine,	

and	the	effect	estimates	did	not	differ	significantly.	This	indicates	that	the	frequency	of	

parental	migraine	does	not	explain	the	associations	between	parental	and	offspring	

migraine.	For	non-migrainous	headache,	the	only	significant	association	was	found	

between	mothers	and	offspring.	When	stratifying	on	offspring	sex,	the	association	was	

only	significant	between	mothers	and	daughters.		

Our	results	are	in	line	with	previous	studies,	suggesting	that	migraine	is	mainly	

transmitted	through	the	maternal	line	(27-31).	However,	none	of	these	studies	were	

performed	in	the	general	population	and	none	included	a	control	group,	making	

interpretations	difficult.	Thus,	our	study	is	the	first	population-based	study	that	also	

have	analysed	mother-offspring	and	father-offspring	associations	of	migraine,	by	using	a	

headache-free	control	group	as	reference.		

The	association	between	parental	migraine	and	offspring	migraine	could	be	explained	

by	genetic	factors,	environmental	factors	or	an	interplay	between	these.	Learned	pain	

behaviour,	including	parental	responses	to	their	children’s	pain	may	influence	the	

children’s	development	and	maintenance	of	pain	(116).	This	could	also	explain	the	

stronger	association	between	maternal	migraine	and	offspring	migraine,	since	mothers	

are	often	the	primary	caregivers.	However,	we	would	also	expect	the	same	mechanism	

to	be	present	in	non-migrainous	headache,	as	this	is	also	a	pain	disorder.	The	fact	that	

we	did	not	find	the	same	associations	here,	may	weaken	this	hypothesis.	If	learned	pain	

behaviour	was	important,	we	would	also	expect	that	offspring	of	parents	with	frequent	

headache	had	a	greater	risk	of	developing	headache	compared	to	those	with	less	

frequent	headache.	The	fact	that	there	was	no	significant	difference	between	low-	and	

high-frequent	parental	migraine	also	weakens	the	hypothesis.	
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Shared	environmental	factors	that	influence	the	risk	of	migraine	in	both	parents	and	

offspring,	may	also	explain	our	findings.	However,	twin	and	family	studies	have	not	

showed	an	effect	of	shared	family	environment	on	migraine	(117).	In	addition,	none	of	

our	potential	confounders	seemed	to	explained	the	associations	found,	as	they	did	not	

change	the	estimates	in	the	Mantel-Haenszel	analysis.		

The	parent-offspring	associations	of	migraine	may	also	be	explained	by	genetic	factors.	

Twin	studies	of	migraine	have	estimated	a	heritability	component	of	around	45%	(32),	

and	genome-wide	studies	have	so	far	identified	38	migraine	risk	loci	(36).	The	stronger	

maternal	component,	could	be	explained	by	more	complex	genetic	mechanisms,	like	

imprinting,	or	by	risk	variants	in	mtDNA,	which	is	strictly	maternally	inherited	(45).		

In	conclusion,	our	study	indicates	a	larger	contribution	from	genetic	risk	factors	in	

migraine,	than	in	other	common	headaches.	In	addition,	there	seems	to	be	a	maternal-

specific	transmission,	possibly	explained	by	mitochondrial	risk	variants	or	genetic	

imprinting.	Similar	studies	in	the	future	should	ideally	include	information	about	family	

structure,	to	better	explore	the	environmental	factors.	Furthermore,	exploration	of	

mitochondrial	variants	and	genetic	imprinting	should	be	performed.		

MITOCHONDRIAL VARIATION IN MIGRAINE 

To	explore	whether	the	strong	maternal	transmission	of	migraine	is	due	to	

mitochondrial	inheritance,	we	analysed	variation	in	mtDNA	in	the	HUNT	population.	In	

addition,	we	analysed	variants	located	in	NEMPs.			

We	did	not	find	any	significant	associations	with	mtDNA	variants,	mitochondrial	

haplogroups	or	NEMPs.	Furthermore,	none	of	the	previously	reported	variants	that	have	

been	associated	with	migraine,	or	that	are	known	to	be	associated	with	mitochondrial	

encephalomyopathies,	replicated	in	our	data.			

Our	findings	do	not	support	a	major	role	of	mitochondrial	variation	in	migraine	

pathogenesis.	This	is	in	line	with	most	previous	studies	on	mtDNA	and	migraine.	The	

majority	of	these	studies	have	focused	on	candidate	variants	that	have	been	implied	in	

the	mitochondrial	encephalomyopathies	(51-53).	None	of	the	variants	associated	with	

the	mitochondrial	encephalomyopathies,	have	been	associated	with	migraine.		
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A	few	studies	have	examined	variants	not	linked	to	the	mitochondrial	encephalopathies.	

Zaki	et	al.	(54)	reported	an	association	between	m.16519C>T	and	migraine,	and	

between	m.3010G>A.	and	migraine	among	those	with	the	m.16519C>T	variant.	Neither	

of	these	variants	replicated	in	our	data.	We	hypothesise	that	the	associations	found	by	

Zaki	et.	al.	(54)	may	be	caused	by	different	ancestry	in	cases	(Germans)	and	controls	

(Americans,	British,	Italian	and	Finnish).	Another	study	reported	an	association	between	

m.4336A>G	and	migraine	(55),	but	the	sample	size	was	small,	and	only	two	out	of	42	

migraine	patients	harboured	the	variant.	In	our	sample	of	4,021	migraine	cases,	we	did	

not	find	a	significant	association	with	m.4336A>G.		

The	study	by	Stuart	et	al.	(57)	reported	three	associated	variants	in	NEMPs.	Only	of	

these	genes,	SARDH	were	present	in	MitoCarta	(56),	and	therefore	included	in	our	data.	

This	variant	did	not	replicate.			

MITOCHONDRIAL VARIATION 

Mitochondrial	variation	may	be	divided	into	three	main	types;	deleterious	mutations,	

ancient	polymorphisms	and	somatic	mutations,	see	Table	1.	
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Table	1:	Range	of	clinically	relevant	mitochondrial	DNA	mutations	and	polymorphisms	

(adopted	from	Wallace	2018	(46)).	

Type	of	
variation		

Type	of	
mutation		

Clinical	
severity		

Phenotypic	
variability		

Prevalence		 Examples	of	
clinical	
manifestations		

Deleterious	
mutations	

-	maternally	
inherited		

Base	
substitutions	
Recent	
homoplasmic		

Mild	
deleterious	
mutations		

Stereotypic	
phenotypes		

Classical	
mutations		

LHON,	Blindness	
Deafness	AD/PD		

Base	
substitutions	
Recent	
heteroplasmic		

Severe	
deleterious	
mutations		

Variable	
phenotypes		

Classical	
mutation	or	
novel	
mutations		

MELAS	MERRF	
NARP	
Leigh	syndrome	
Myopathies		

Large	
insertions	
Recent	
heteroplasmic		

Mild	to	severe		 Variable	
phenotypes		

Deletions	
generated	in	
tissues		

DM,	CPEO,	KSS		

Ancient	
polymorphisms	

-	maternally	
inherited		

Base	
substitutions	
Ancient	
homoplasmic		

Neutral	to	mild		 Pre-
disposition	
to	common	
diseases		

Very	common	
but	
population	
specific		

Diabetes	Obesity	
CVD	++		

Somatic	
mutations		

-individual	and	
tissue	specific		

De	novo	
mutations,	
oocyte	and	
developmental:	
Heteroplasmic		

Large	
deletions:		
Early	broadly	
distributed		

Variable		 Classical	
presentations		

Pearson,	CPEO	
KSS		

Nucleotide,	
indel,	and	
deletion	
mutations:	
Late	narrowly	
distributed		

Variable		 Accumulation	
with	age		

Aging,	
variable	
penetrance,	
delayed	onset	
and	progression		

Shaded	background:	Variation	covered	in	our	study.	LHON:	Leber	hereditary	optic	

neuropathy;	AD:	Alzheimer	disease;	PD:	Parkinson	disease;	MELAS:	Mitochondrial	

encephalopathy,	lactic	acidosis	and	stroke-like	episodes;	MERRF:	Myoclonic	epilepsy	with	

ragged-red	fibers;	NARP:	Neuropathy,	ataxia	and	retinitis	pigmentosa;	DM:	Diabetes	

mellitus;	CPEO:	Chronic	progressive	external	ophtalmoplegia;	KSS:	Kearns-Sayre	syndrome	

In	our	study,	we	have	examined	inherited,	homoplasmic	mutations,	which	may	be	of	two	

types	(shaded	background	in	Table	1).	The	first,	deleterious,	homoplasmic	mutations,	

are	usually	relatively	mildly	deleterious	(46).	They	result	in	stereotypic	phenotypes	in	

primary	mitochondrial	diseases,	often	affecting	one	organ	or	one	tissue	(46,	49).	The	

second	type	of	variation	that	we	examined,	the	ancient	polymorphisms,	are	always	

homoplasmic,	and	have	been	inherited	through	generations	of	maternal	ancestors	(46).	
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When	a	novel	mutation	gives	an	advantage	in	adapting	to	environmental	changes,	it	may	

segregate	into	homoplasmic	levels	in	the	founder	line,	increasing	survival	in	these	

descendants	(46).	With	time,	additional	variants	will	accumulate,	eventually	resulting	in	

a	group	of	related	haplotypes,	or	haplogroups	(46).	As	all	humans	arose	from	a	single	

African	ancestor	about	200,000	years	ago,	different	haplogroups	have	developed	by	

colonization	to	different	parts	of	the	world	(46).	However,	while	the	haplogroups	may	

have	been	adaptive	in	the	original	environment,	they	may	be	maladaptive	in	others	(46).	

The	ancient	polymorphisms	are	relatively	common,	but	population	specific	(46).	Most	

are	neutral,	but	some	may	have	a	mild	effect,	predisposing	to	common	diseases,	like	

metabolic	disease,	neurodegenerative	disease	and	cancer	(46).			

Our	study	did	not	examine	heteroplasmy;	mutations	that	are	present	in	only	a	fraction	of	

the	mtDNA	molecules	(46).	Instead,	all	variants	were	treated	as	homoplasmic,	and	

outlying	observations	were	assigned	as	missing.	A	large	proportion	of	heteroplasmic	

observations	will	therefore	have	been	excluded,	and	minor	heteroplasmies	would	have	

been	assigned	to	the	most	frequent	allele.		

Heteroplasmic	variation	may	result	from	either	maternally	inherited	mutations	or	

somatic	mutations	(46).	The	inherited	heteroplasmic	mutations	often	result	in	severe	

clinical	phenotypes	(46).	However,	the	proportion	of	mutated	mtDNA	molecules	has	to	

exceed	a	critical	threshold	for	a	phenotypic	effect	to	be	seen	(48).	This	threshold	varies	

between	tissues	and	type	of	mutation,	but	typically	a	cell	tolerates	up	to	60-80%	

mutated	mtDNA	molecules	before	biochemical	defects	in	energy	production	is	detected	

(49).	In	a	few	cases,	a	dominant	pattern	has	been	reported,	with	<	25%	mutated	mtDNA	

molecules	resulting	in	clinical	effects	(47).	Samples	from	the	umbilical	cord	have	found	

that	1/200	newborns	harbour	a	pathogenic	mtDNA	mutation	(46),	but	the	majority	will	

never	experience	clinical	disease,	as	the	mutations	are	present	in	low	levels	(47).			

Somatic	mutations	are	de	novo	mutations	that	occur	in	individual	tissues,	and	they	are	

always	heteroplasmic	(46).	They	accumulate	with	age,	and	they	are	thought	to	be	

important	in	natural	organ	declining	(46).	An	increased	number	of	somatic	mutations	

are	also	seen	in	several	age-related	diseases,	including	Alzheimer,	Parkinson,	

Huntington	and	cardiovascular	disease	(46).		
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While	heteroplasmic	mtDNA	mutations	initially	were	thought	to	be	rare,	newer	

sequencing	methods	have	found	heteroplasmy	in	almost	all	individuals,	although	in	

small	amounts	(118).	Furthermore,	it	seems	like	different	tissues	have	different	levels	of	

heteroplasmies,	and	certain	variants	are	more	or	less	specific	to	different	tissues	(119-

121).	A	study	including	12	different	tissue	types	from	152	individuals	of	all	ages,	

estimated	that	about	50%	of	the	heteroplasmies	found	were	inherited	and	50%	were	

somatic	(120).	Interestingly,	they	found	that	no	heteroplasmy	was	present	in	all	tissues,	

and	no	tissue	harboured	all	heteroplasmies	present	in	an	individual	(120).		

To	study	heteroplasmy,	and	in	particular	low-level	heteroplasmy,	sensible	sequencing	

methods	are	needed	(122).	Additionally,	to	capture	tissue-specific	variation,	relevant	

tissue	has	to	be	examined.	For	migraine,	the	relevant	type	of	tissue	or	cell	is	not	entirely	

clear,	and	it	would	regardless	be	subject	to	ethical	considerations.		

While	we	only	examined	variations	in	the	mtDNA	sequence,	other	types	of	variation	

could	also	play	a	role	in	migraine	pathogenesis.	Epigenetic	modification	occurs	when	a	

clinical	compound	is	attached	to	the	DNA,	altering	gene	expression	without	altering	the	

DNA	sequence	itself.	These	modifications	may	be	inherited	through	generations,	

contributing	to	familial	cases	of	disease,	but	they	may	also	be	transient,	resulting	in	

changes	in	phenotype	(53).	The	knowledge	about	mtDNA	epigenetics	is	still	very	limited.	

However,	there	are	indications	that	both	DNA	methylation	and	RNA	regulation	could	

affect	the	expression	of	mitochondrial	genes	(53).	Mitochondrial	variation	may	also	be	

related	to	copy	number	variations,	which	has	previously	also	been	linked	to	disease	

(123,	124).		

ACCOUNTING FOR RELATEDNESS IN ANALYSIS OF MTDNA 

While	mutations	in	mtDNA	are	far	more	common	than	in	nDNA,	only	1	mutation	per	74	

generations	is	passed	on	(125).	This	may	be	explained	by	the	genetic	bottleneck.	During	

early	oogenesis,	the	amount	of	mtDNA	molecules	are	strongly	reduced,	and	there	is	a	

selection	against	deleterious	mtDNA	mutations	(46).	This	gives	rise	to	genetic	variation,	

while	minimizing	the	genetic	load	(46).	mtDNA	is	also	strictly	maternally	inherited,	

which	means	that	it	does	not	recombine,	but	behaves	like	a	single	locus	with	many	

alleles,	or	haplotypes	(125).		Paternal	transmission	of	mtDNA	has	been	reported	in	

extreme	rare	cases,	but	it	is	usually	destroyed	shortly	after	fertilization,	for	unknown	
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reasons	(126).		The	little	variation	in	mtDNA,	means	that	there	is	a	relatively	high	

number	of	random	individuals	with	identical	mtDNA	(125).	We	confirmed	this	in	our	

HUNT	sample.	Out	of	324	mtDNA	variants,	a	random	individual	pair	had	around	10-12	

different	alleles.	The	number	of	different	alleles	increased	with	more	distant	

relationship,	but	was	dependent	on	whether	individuals	were	maternally	or	paternally	

related.	Of	those	with	identical	mtDNA,	95%	were	unrelated	(e.g.	5th	degree	or	more	

distant	relatives),	however	we	do	not	know	how	many	of	these	were	maternally	related.			

An	important	assumption	in	regression	analysis	is	that	all	observations	are	independent.	

This	assumption	is	often	violated	when	individuals	are	closely	related.	In	genetic	

studies,	related	individuals	that	share	genotypes,	often	also	share	other	factors	that	may	

influence	the	risk	of	disease.	In	GWAS,	information	about	relatedness	is	often	unknown,	

and	is	therefore	estimated,	based	on	shared	genetic	content.	Mixed	models	are	often	

used	to	adjust	for	relatedness,	instead	of	excluding	closely	related	samples.	When	

analysing	mtDNA,	the	same	assumptions	of	independence	apply,	but	the	fact	that	mtDNA	

is	maternally	inherited	has	implications	for	how	relatedness	should	be	handled	in	

population-based	studies.	Most	studies	on	mtDNA	have	not	considered	relatedness	at	

all,	e.g.		(85,	127),	while	others	have	adjusted	for	both	relatedness	as	in	regular	GWAS,	

and	maternal	relatedness	(50).	We	believe	that	the	assumption	about	independence	is	

only	violated	for	close	maternal	relatives,	as	they	are	dependent	both	in	terms	of	

exposure	(genetic	variants)	and	outcome	(migraine).	Close	paternal	relatives	are	

dependent	in	terms	of	the	outcome	(migraine),	but	are	independent	in	terms	of	

exposure,	as	they	do	not	share	more	mtDNA	than	the	general	population.	Paternal	

relatives	could	be	compared	to	a	married	couple	in	regular	GWAS.	Distant	maternal	

relatives	are	dependent	in	terms	of	the	exposure	(genetic	variants),	but	not	in	terms	of	

the	outcome	(migraine),	as	they	do	not	share	other	factors	that	affect	the	risk	of	

developing	migraine,	including	nDNA	and	environmental	factors.		Furthermore,	since	

mtDNA	behaves	like	a	single	locus,	all	variants	are	more	or	less	dependent	of	each	other.	

This	means	that	if	we	adjust	for	distant	maternal	relatedness,	we	adjust	for	the	exposure	

of	interest.	A	comparable	issue	occurs	in	a	regular	GWAS	when	the	candidate	variant	is	

included	in	calculations	the	genetic	relationship	matrix	(GRM).	Since	the	candidate	

variant	will	be	fitted	twice	into	the	model,	a	phenomenon	called	“proximal	

contamination”,	the	power	will	be	reduced	(128).	Therefore,	the	candidate	variant,	and	

all	variants	in	linkage	disequilibrium	(LD)	with	the	candidate	variant,	should	be	
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excluded	when	calculating	the	GRM	(128).	This	is	commonly	implemented	in	mixed	

models	as	“leave-one-chromosome-out”	(LOCO),	where	the	whole	chromosome	

containing	the	candidate	variant	is	excluded	from	the	GRM	calculations.	To	our	

knowledge,	there	are	currently	no	methods	that	can	handle	mitochondrial	relatedness.	

Therefore,	we	excluded	all	close	maternal	relatives,	e.g.	first-	and	second-degree	

relatives,	from	our	analysis	of	mtDNA.		

METHODOLOGICAL CONSIDERATIONS 

SOURCES OF ERROR 

RANDOM ERRORS 

Random	errors	are	unpredictable	differences	in	sample	measurements	from	the	

population,	due	to	chance	alone	(129).	Random	errors	lead	to	increased	variation	and	

less	precise	estimates,	underestimating	the	relative	risk	in	epidemiological	studies	

(129).	There	are	three	main	reasons	of	random	errors:	Sampling	error,	measurement	

error	and	biological	variation	(129).	Common	approaches	to	reduce	random	error	is	to	

increase	the	sample	size	and	modify	the	study	design,	e.g.	sampling	according	to	

exposure	or	case/control	status	(129).	Random	errors	are	handled	in	the	analyses	by	

reporting	confidence	intervals,	which	describe	how	much	the	association	estimates	are	

exposed	to	random	variation,	and	significance	testing,	usually	expressed	by	a	p-value	

(129).	Commonly,	we	will	accept	an	estimate	that	has	a	less	than	5%	chance	of	being	

random,	which	is	the	same	as	the	alpha	level	of	the	test	(129).	Importantly,	a	p-value	of	

>	0.05	does	not	mean	that	the	null	hypothesis	(usually	that	there	is	no	difference	

between	the	groups)	is	true,	it	only	means	that	we	cannot	reject	it	(129).	In	papers	I-II,	a	

two-sided	p-value	of	<	0.05	is	used	to	indicate	statistical	significance.	For	genetic	

studies,	the	high	number	of	association	analyses	performed	requires	adjustment	for	

multiple	testing.	For	the	genetic	analyses,	we	used	Bonferroni	correction	to	specify	the	

p-value	threshold.	For	the	analysis	of	mtDNA,	we	used	spectral	decomposition	(94,	95)	

to	estimate	the	number	of	independent	genetic	effects,	which	were	inserted	in	the	

Bonferroni	equation.			
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Specific	for	large	health	surveys,	like	the	HUNT	Study,	is	that	many	studies	are	

performed	on	the	same	dataset,	and	that	only	those	with	significant	findings	are	

reported.	If	20	studies	are	performed,	one	significant	finding	will	occur	by	chance	alone.	

To	reduce	this	risk,	you	should	have	a	clear	idea	of	the	hypothesis	to	be	tested	and	the	

methods	to	be	used,	prior	to	initiating	the	study.	Furthermore,	findings	made	from	

epidemiological	studies	like	this	should	be	treated	as	suggestive,	until	replication	in	

different	cohorts	or	other	types	of	validation	support	more	definite	conclusions.		

SYSTEMATIC ERRORS 

Systematic	errors,	or	biases,	are	predictable	differences	between	the	measured	effect	

and	the	true	effect,	not	due	to	random	variability	(130).	Systematic	errors	result	in	a	

biased	association	between	the	exposure	and	outcome,	either	underestimating	or	

overestimating	the	effect	size.	It	can	further	be	divided	into	selection	bias,	information	

bias	and	confounding.		

SELECTION	BIAS	

Selection	bias	is	a	systematic	difference	between	the	two	groups	that	are	being	analysed,	

or	between	the	participants	and	non-participants	(129).	Selection	bias	is	often	a	

problem	in	clinical	studies,	as	those	recruited	are	often	more	severely	affected,	more	

often	seeking	health	care,	or	have	been	referred	to	a	specialist.	In	epidemiological	

studies	of	migraine,	the	participants	are	often	recruited	from	specialists/secondary	

health	care.	The	fact	that	they	have	already	been	referred	to	a	specialist,	means	that	they	

are	likely	more	severely	affected.	Using	an	unselected	population,	like	the	HUNT	

population,	reduces	this	type	of	selection	bias.	However,	population	studies,	are	often	

prone	to	differences	between	participants	and	non-participants.	The	participation	rates	

in	the	HUNT	surveys	varied,	being	relatively	high	in	the	Young-HUNT	surveys	and	lower	

in	the	Adult-HUNT	surveys.	The	lowest	participation	rate	was	found	in	Adult-HUNT3,	

where	only	42.3%	answered	the	headache	questions.	A	non-participation	study	from	the	

same	survey,	found	only	minor	differences	between	participants	and	non-participants	

regarding	a	variety	of	conditions,	including	headache	and	migraine	(131).	While	we	still	

cannot	exclude	that	a	selection	bias	is	present,	this	study	indicates	that	is	not	a	major	

issue.		
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INFORMATION	BIAS	

Information	bias	occurs	when	the	nature,	or	quality	of	the	measurements	are	different	

between	the	two	groups,	causing	a	systematic	misclassification	of	exposure	and/or	

outcome.	For	discrete	variables,	such	as	sex	or	disease	status,	measurement	errors	are	

often	called	classification	error,	or	misclassification	(129).	Misclassification	can	be	

further	divided	into	differential	misclassification	and	non-differential	misclassification.		

Differential	misclassification	occurs	when	the	misclassification	depends	on	the	value	of	

other	variables.	Non-differential	misclassification	occurs	when	the	misclassification	does	

not	depend	on	the	value	of	other	variables.	Differential	misclassification	may	result	in	

either	an	over-	or	an	underestimation	of	the	effect,	while	non-differential	

misclassification	tends	to	underestimate	the	effect	(129).	An	example	of	differential	

misclassification	may	be	that	the	outcome	is	detected	differently	in	exposed	and	non-

exposed;	a	detection	bias.	Another	example	of	differential	misclassification	in	a	case-

control	study	or	a	cross-sectional	study,	is	recall	bias.	Recall	bias	occurs	when	the	

affected	participants	remember	differently	than	those	not	affected.		An	example	could	be	

that	those	with	migraine	remember	being	exposed	to	a	larger	degree	than	those	without	

headache,	because	they	have	been	searching	for	a	cause	for	their	migraine.	In	some	

cases,	those	affected	may	even	report	exposures	that	has	never	happened.	The	time	

lapse	between	the	exposure	and	recall	is	an	important	factor	(129).		

THE	HEADACHE	DIAGNOSES	

The	headache	diagnoses	in	Adult-HUNT	are	based	on	questionnaires,	which	are	less	

reliable	compared	to	clinical	diagnoses	by	experienced	physicians.	However,	the	

questionnaire	diagnoses	were	based	on	the	ICHD-criteria,	and	they	have	been	validated	

by	interviews	performed	by	neurologists	(Table	2).	The	sensitivity	of	the	migraine	

diagnoses	varied	from	49%	(HUNT3,	liberal	criteria	as	in	HUNT2)	to	69%	(HUNT2,	

liberal	criteria).	This	modest	sensitivity	means	that	the	questionnaires	do	not	perform	

very	well	in	correctly	classifying	participants	with	migraine.	The	specificity	ranged	from	

89%	(HUNT2,	liberal	criteria)	to	96%	(HUNT3,	liberal	criteria	as	in	HUNT2),	which	is	

relatively	high.	This	means	that	those	without	migraine	are	almost	always	correctly	

identified	as	non-migraineurs.	Cohens	k	ranged	from	0.50	to	0.59,	which	means	that	

there	is	a	moderate	agreement	between	the	headache	questionnaires	and	the	diagnoses	



	 66	

made	by	neurologists,	according	to	Cohen	(132).	In	the	validation	study	of	the	

structured	headache	interview	from	Young-HUNT1,	they	found	a	sensitivity	of	72%	and	

a	specificity	of	96%.	Cohens	k	was	0.72,	which	means	that	the	structured	headache	

interview	was	in	substantial	agreement	with	the	diagnoses	made	by	neurologists.		

In	summary,	this	means	that	a	relatively	large	fraction	of	those	with	migraine	will	be	

incorrectly	classified	as	non-migraineurs,	but	among	those	being	classified	as	

migraineurs,	most	will	actually	have	migraine.	To	avoid	including	too	many	migraineurs	

in	the	reference	group,	we	used	headache-free	participants	as	a	reference	in	all	our	

papers.		

The	validation	of	TTH	>	1	day	per	month	in	HUNT3	yielded	a	sensitivity	of	96%	and	a	

specificity	of	69%.	This	means	that	the	questionnaires	did	well	in	identifying	those	with	

frequent	TTH,	but	that	in	the	TTH	group	there	was	also	a	relatively	large	fraction	of	

participants	without	TTH.		

	

Table	2.	Validation	of	the	headache	diagnoses	in	HUNT	

Survey	 Diagnosis	 Sensitivity	%	

(95%	CI)	

Specificity	%	

	(95%	CI)	

Cohen’s	k**		

(95%	CI)	

Adult-
HUNT3	

Migraine	-	restrictive	
criteria	

51		

(45-57)	

95		

(92-98)	

0.50		

(0.32-0.68)	

Migraine	–	liberal	criteria	as	
in	HUNT2	

49		

(45-53)	

96		

(94-98)	

0.51		

(0.34-0.68)	

TTH	>	1	day/month	 96	 69	 0.44		

(0.30–0.58)	

Adult-
HUNT2	

Migraine	–	liberal	criteria	 69*	

(57-79)*	

89*	

(81-95)*	

0.59		

(0.47-0.71)	

Young-
HUNT1	

Migraine	 72	

(53-86)*	

96	

(89-99)*	

0.72		

(0.58-0.87)	

*	Sensitivity	and	specificity	not	reported	in	the	validity	study,	but	have	calculated	based	on	

the	numbers	given.	**	According	to	Cohen,	the	k	should	be	interpreted	as	follows:	£	0	as	no	

agreement,	0.01-0.20	as	none	to	slight,	0.21-0.40	as	fair,	0.41-0.60	as	moderate,	0.61-0.80	

as	substantial	and	0.81-1.00	as	almost	perfect	agreement	(132).		
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Since	the	headache	questions	were	a	part	of	an	extensive	questionnaire,	covering	a	

variety	of	topics,	and	since	the	same	questionnaire	was	used	for	all	participants,	the	

misclassification	of	headache	diagnosis	is	most	likely	to	be	non-differential,	causing	a	

deflation	of	the	effect	estimates.	In	a	clinical	setting,	the	headache	diagnosis	could	be	

dependent	on	the	headache	diagnosis	of	the	parents.	Especially	in	those	with	less	

specific	symptoms,	it	may	be	more	likely	to	get	a	diagnosis	of	migraine,	if	the	parents	

have	migraine.	In	paper	2,	this	would	result	in	a	differential	misclassification,	where	the	

headache	diagnosis	in	the	offspring	is	dependent	on	the	headache	diagnosis	in	the	

parents.	However,	since	the	headache	diagnoses	were	based	on	questionnaires	and	

semi-structural	interviews,	not	including	questions	about	parental	headache,	this	is	not	

likely	to	be	a	problem.		

Probably	more	important	is	the	fact	that	only	current	headache	was	assessed.	The	

participants	were	asked	about	headache	the	past	12	months.	This	reduces	the	risk	of	

recall	bias.	However,	it	also	introduces	the	risk	of	misclassifying	previous	headache	

sufferers	that	are	currently	headache	free,	as	headache-free	controls.	This	is	particularly	

likely	to	be	a	problem	for	migraine.	Since	migraine	prevalence	decreases	in	the	middle	

age	(1),	a	significant	proportion	of	older	participants,	whose	migraine	have	terminated,	

will	be	misclassified	as	headache-free	controls.	In	paper	1,	this	problem	is	less	likely	to	

be	an	issue,	since	the	oldest	participants	who	had	information	from	the	Medical	Birth	

Registry,	was	41	years.	In	paper	2	and	paper	3,	this	non-differential	misclassification	

represents	a	larger	issue,	causing	a	deflation	of	the	effect	estimates.	In	paper	2,	we	

aimed	to	limit	this	effect	by	excluding	participants	>	52	years	of	age.	This	cut-off	was	

based	on	the	median	age	of	menopause	in	white	women	in	industrialized	countries,	

since	migraine	prevalence	in	women	particularly	decreases	after	menopause	(6).	To	

examine	the	effect	of	this	age	truncation,	the	reviewers	requested	some	additional	

analyses.	We	determined	the	age	effect	on	migraine	in	parents,	and	found	that	parents	>	

52	years	of	age	had	reduced	odds	of	migraine,	compared	to	those	<=	52	years.	Including	

the	full	sample	in	the	parent-offspring	analyses,	deflated	the	effect	estimates	but	they	

were	still	significant,	and	did	not	change	the	conclusions.		
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FOETAL	GROWTH	RESTRICTION		

The	diagnosis	of	FGR	in	paper	1	was	based	on	objective	measurements	of	weight	and	

gestational	age	from	the	Medical	Birth	Registry.	However,	defining	FGR	as	being	SGA	

alone	is	not	optimal.	When	a	SGA	foetus	is	detected	in	a	clinical	setting,	further	

investigations	are	performed	to	identify	whether	it	is	at	risk	of	adverse	outcome	or	

whether	it	is	likely	just	constitutionally	small.	Additional	diagnostic	procedures	include	

evaluations	of	the	growth	curve,	and	Doppler	ultrasound.	With	abnormal	findings,	the	

foetus	is	more	likely	to	be	growth	restricted,	and	at	risk	for	morbidity	and	mortality	

(133,	134).	Since	we	did	not	have	additional	measurements	beside	gestational	age	and	

weight	at	birth,	we	likely	included	a	proportion	of	children	that	were	just	

constitutionally	small.	In	addition,	we	probably	missed	a	proportion	of	growth	restricted	

participants	with	birth	weight	>	10th	percentile.	Since	the	misclassification	is	not	

dependent	on	later	headache	status,	it	is	likely	non-differential,	probably	causing	a	

deflation	of	the	estimates.	By	including	a	group	of	children	being	born	very	small,	VSGA,	

we	aimed	to	limit	the	misclassification	of	FGR.		

CONFOUNDING	

Confounding	occurs	when	the	association	between	the	exposure	and	the	outcome	is	

affected	by	a	third	factor,	and	this	factor	is	not	in	the	causal	pathway	between	the	

exposure	and	the	outcome	(129).	Confounding	may	be	controlled	if	the	factored	is	

measured,	by	including	it	as	a	covariate	in	the	analyses	(129).		

In	the	first	paper,	sex	could	be	a	confounder.	Male	foetuses	seem	to	adapt	differently	

than	female	foetuses	to	stressful	environments	in	utero,	leading	to	an	increased	risk	of	

growth	restriction,	and	to	increased	risk	of	morbidity	and	mortality	(109).	Sex	also	

influences	the	risk	of	developing	migraine,	with	females	having	2-3	times	increased	risk	

of	migraine	compared	to	males	(6).	In	our	case,	sex	turned	out	to	be	mediating	factor,	

where	the	association	between	FGR	and	migraine	was	different	in	males	and	females.	

The	analyses	were	therefore	stratified	on	sex.	Unmeasured	factors	related	to	the	

pregnancy,	or	maternal	health	and	lifestyle	could	also	act	as	confounders.	While	these	

factors	are	likely	to	affect	the	risk	of	FGR,	there	is	little	evidence	for	their	effect	on	

migraine.	Additionally,	this	information	was	not	available	from	the	first	decades	of	the	

Medical	Birth	Registry,	were	our	participants	were	born.	Genetic	factors	could	also	act	
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as	a	confounder,	influencing	both	the	risk	of	growth	restriction	and	later	development	of	

migraine.	These	factors	are	more	thoroughly	discussed	under	the	“Main	findings”	

section	above.		

In	the	second	paper,	several	factors	could	act	as	confounders.	Some	of	them	were	

measured	in	the	HUNT	questionnaires,	or	were	available	from	Statistics	Norway.	A	

widely	used	method	to	identify	confounding	factors	is	DAGs,	which	are	visual	

representations	of	causal	assumptions,	that	aids	the	process	of	identifying	possible	

confounders	(135).	Based	on	a	DAG,	we	considered	sex,	age,	anxiety	and	depression	in	

both	offspring	and	parents,	socioeconomic	status,	exposure	to	smoking	while	growing	

up	and	parental	body	mass	index	and	physical	activity	as	potential	confounders.	Sex	and	

age	are	well-known	risk	factors	for	migraine,	and	were	therefore	included	in	the	model.	

The	other	factors	were	analysed	with	the	Mantel-Haenszel	test	to	quantify	the	

confounding	effect.	Factors	that	changed	the	effect	estimates	by	>	5%	were	included	in	

the	analyses.	Unmeasured	factors,	including	family	structure,	non-paternity	and	

adoption	could	also	be	considered	as	potential	confounders.	Of	these,	family	structure	is	

probably	the	largest	issue,	as	studies	have	indicated	that	non-paternity	and	adoption	is	

relatively	uncommon	(136,	137).		

In	genetic	studies	there	are	few	confounders,	as	the	genetic	variants	are	present	from	

birth.	However,	an	important	confounder	to	be	aware	of	in	such	studies	is	population	

stratification.	Population	stratification	occurs	when	cases	and	controls	have	subtle	

genetic	differences	due	to	differences	in	genetic	background,	which	results	in	

differences	in	allele	frequencies.	Population	stratification	could	lead	to	false	associations	

between	a	genotype	and	a	trait	due	to	differences	in	genetic	background,	unrelated	to	

disease	risk	or	trait	variance	(138).	It	is	typically	handled	in	several	ways,	both	in	

quality	control,	in	analysis,	and	in	post-analysis	controls.	First,	during	quality	control,	

only	samples	that	belong	to	a	certain	population	is	included,	in	our	case,	only	Europeans.	

In	practise,	the	samples	are	projected	into	the	space	of	the	principal	components	of	a	

reference	panel	with	known	ancestry,	and	only	those	falling	into	the	area	of	the	desired	

population	is	included.	Second,	the	principal	components	are	included	as	covariates	in	

the	analysis	to	adjust	for	minor	differences	in	ancestry.	Last,	we	always	check	if	there	

are	signs	of	population	stratification	after	the	analysis.	If	population	stratification	is	

present,	it	often	leads	to	an	inflated	test	statistic,	visible	as	an	inflated	quantile-quantile	
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plot	(QQ-plot).	Genomic	control	acts	as	a	quality	control	statistic,	quantifying	bias	in	the	

data,	either	due	to	confounding,	experimental	errors,	cryptic	relatedness	or	other	causes	

(138).	Genomic	control,	lGC,	is	defined	as	the	median	c2	(1	degree	of	freedom)	

association	statistic	across	SNPs	divided	by	its	theoretical	median	under	the	null	

distribution.	A	lGC	of	around	1	indicates	that	there	is	no	population	stratification,	while	a	

lGC	of	>	1	indicates	population	stratification	or	other	confounders	(139).	However,	lGC	is	

also	influenced	by	sample	size,	LD	structure,	number	of	causal	variants	and	heritability,	

and	an	inflated	lGC	could	therefore	also	be	seen	with	a	highly	polygenic	trait	without	the	

presence	of	population	stratification	(140).	The	QQ-plot	from	the	mitochondrial	variants	

in	paper	3	is	rather	deflated,	with	no	signs	of	population	stratification.	A	lGC	of	0.77	

confirms	this.	The	QQ-plot	from	the	analysis	of	NEMPs	could	indicate	a	slight	population	

stratification,	as	the	common	variants	are	deviating	from	the	expected	significance	line.	

A	lGC	of	1.034	is	also	a	little	larger	than	expected.	However,	the	HUNT	genotypes	have	

been	extensively	analysed	previously,	without	signs	of	population	stratification.	We	

believe	that	the	slightly	inflated	lGC	is	most	likely	due	to	a	true	signal	from	many	causal	

variants,	e.g.	a	common	polygenetic	risk.	Another	pitfall	in	genetic	studies	is	minor	

differences	in	genotyping	procedures	between	cases	and	controls.	This	may	cause	

systematic	differences,	called	batch	effects	(141).	In	the	HUNT	study,	cases	and	controls	

were	genotyped	on	the	same	array	and	handled	together,	which	excludes	the	possibility	

for	a	batch	effect	between	the	two.	Quality	control	is	also	performed	to	filter	out	samples	

or	variants	of	bad	sampling	quality.	

CAUSALITY 

Causality	describes	the	relationship	between	cause	and	effect.	Several	definitions	exist,	

but	one	of	the	most	influential	is	the	Bradford	Hill	criteria,	postulated	by	Sir	Austin	

Bradford	Hill	in	1965	(142).	The	criteria	concern	a	proper	effect	size,	consistence,	

specificity,	temporality,	a	biological	gradient,	plausibility,	coherence,	experiment	and	

analogy	(143).	In	reality,	proving	causality	is	hard,	especially	in	epidemiological	

research.	In	medicine,	conditions	are	often	caused	by	a	complex	interplay	of	many	

factors,	each	increasing	or	decreasing	the	risk	of	developing	disease.	Migraine	seems	to	

be	caused	by	the	same	complex	interplay,	but	no	factors	have	proven	causality	yet.	

Epidemiological	studies	often	reveal	associations	that	only	indicate	dependence	
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between	two	variables,	and	not	causality	(144).	An	association	between	variable	A	and	

variable	B	may	be	due	to	A	causing	B,	but	it	may	also	be	due	to	B	causing	A	or	a	common	

underlying	factor	causing	both	A	and	B	(confounder)	(144).	Association	and	causation	

are	often	used	interchangeably	in	epidemiological	research,	but	it	is	very	important	to	

differentiate	between	the	two.	Different	study	designs	have	different	abilities	to	identify	

causality.	In	a	cross-sectional	study,	it	is	difficult	to	know	whether	the	exposure	or	the	

outcome	occurred	first,	and	it	is	therefore	difficult	to	prove	causality.	Cohort	studies	are	

longitudinal	studies	that	follows	exposed	and	non-exposed	individuals,	recording	who	

eventually	develops	the	outcome.	In	a	cohort	study	we	can	control	that	exposure	is	

present	prior	to	the	outcome,	but	there	is	still	risk	of	confounding	(145).	The	gold	

standard	is	a	randomized,	control	trial	(RCT),	a	specialized	form	of	cohort	study,	where	

an	intervention	is	performed	in	one	of	the	two	groups.	The	experimental	study	design	

gives	a	relatively	good	control	of	both	temporality	(the	cause	occurring	prior	to	the	

effect)	and	confounding	factors,	reducing	the	risk	of	bias	(145).	However,	RCT’s	are	

costly,	and	may	pose	ethical	issues.		

In	our	first	paper	we	have	linked	information	from	birth	with	questionnaires	from	the	

HUNT	study.	This	registry	study	may	be	considered	a	cohort	study.	Since	information	

about	birth	weight	and	gestational	age	were	collected	at	the	time	of	birth,	we	know	that	

FGR	occurred	before	migraine,	fulfilling	the	temporal	criterion.	However,	there	may	still	

be	confounding	factors,	influencing	both	FGR	and	migraine.	

In	the	second	paper	we	linked	parental	and	offspring	headache.	Data	were	collected	at	

different	time	points,	and	combined	into	a	cross-sectional	design.	This	means	that	either	

parental	headache	(exposure)	or	offspring	headache	(outcome)	may	have	occurred	first,	

failing	the	temporal	criterion.	Offspring	headache	could	in	theory	cause	parental	

headache	through	environmental	factors.	While	we	believe	that	the	opposite	is	more	

likely,	we	cannot	prove	this	effect	direction.	In	addition,	non-measured	confounding	

factors,	causing	headache	in	both	offspring	and	parents,	may	also	be	present.		

In	the	third	study,	genetic	factors	are	present	at	conception,	and	are	therefore	not	

subject	to	reverse	impact	from	the	outcome	being	studied.	Confounding	factors	are	

limited,	but	we	should	be	aware	of	population	stratification	and	batch	effects,	which	we	

believe	is	a	minor	issue	in	our	data.		
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Confounding	factors	in	each	study	are	more	thoroughly	discussed	under	the	section	

“Main	findings”.		

EXTERNAL VALIDITY 

Validity	concerns	whether	we	are	measuring	what	we	want	to	measure.	It	is	often	

divided	into	internal	and	external	validity.		

Internal	validity	refers	to	how	well	the	study	is	performed	in	relation	to	the	biases	

discussed	above	(129).		

External	validity	refers	to	whether	our	findings	can	be	generalized	outside	our	study	

sample	and	depends	partly	on	internal	validity	(129).	However,	it	also	concerns	whether	

the	study	sample	is	representative	for	the	population,	and	that	the	results	can	be	

generalized	beyond	the	particular	circumstances	in	the	study	setting.	The	strive	to	

achieve	a	study	sample	that	is	representative	for	a	larger	population,	often	makes	it	

more	difficult	to	control	for	confounding	factors	(129).	In	genetic	studies,	aiming	to	

obtain	a	sample	that	is	representative	for	a	large	population,	e.g.	samples	from	all	over	

the	world,	would	introduce	a	large	confounding	effect	in	terms	of	population	

stratification.	Therefore,	aiming	for	a	sample	that	is	homogenous	in	terms	of	important	

confounders,	e.g.	ancestry	in	genetic	studies,	is	also	important.	Additionally,	external	

validity	is	less	critical	when	analysing	associations	between	exposure	and	outcome,	as	

we	have	performed	in	this	thesis.	These	studies	do	not	require	that	the	study	sample	is	

similar	to	the	outside	population,	only	that	the	relations	being	studied	are	similar	(129).	

A	good	approach	is	first	to	define	a	study	that	maximizes	internal	validity.	Then	the	

findings	can	be	generalized	by	replicating	the	findings	in	different	population	(129).	

Regardless,	replication	is	usually	required	for	new	findings	to	be	accepted.		

The	population	in	Nord-Trøndelag	is	considered	to	be	fairly	representative	for	the	

Norwegian	population,	with	a	net	out	migration	of	0.3%	and	homogenous	(less	than	3%	

non-Caucasian)	(146).	However,	not	all	invited	individuals	participated,	and	the	

participation	rates	in	the	different	HUNT	surveys	varied	from	54.1%	(Adult-HUNT3)	to	

88.0%	(Young-HUNT1).	A	non-responder	study	from	Adult-HUNT2	found	that	the	main	

reasons	for	non-attendance	among	the	youngest	individuals	(20-44	years)	were	lack	of	

time	and	staying	outside	the	county.	In	the	middle	age	group	(45-69	years)	the	main	
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reasons	were	being	too	busy,	forgetting	to	answer	or	not	being	interested.	In	the	oldest	

age	group	(70	+	years)	non-attendance	were	mostly	due	to	health	issues	(147).	In	

HUNT3,	they	performed	further	analyses,	and	found	that	non-participants	were	

younger,	and	more	often	males.	They	had	a	higher	prevalence	of	common	chronic	

diseases,	like	cardiovascular	disease,	diabetes	mellitus	and	psychiatric	disorders.	They	

also	had	lower	socioeconomic	status	and	had	a	higher	mortality	than	participants.	For	

headache	and	migraine	there	were	only	minor	differences,	without	any	consistent	

pattern	by	sex	or	age	groups	(131).	The	fact	that	the	migraine	prevalence	in	the	HUNT	

study	is	comparable	to	the	prevalence	elsewhere	in	Europe	(3,	148),	also	indicates	that	

participance	were	not	affected	by	migraine	status.		

In	paper	1	we	found	an	association	between	FGR	in	males	and	migraine	in	adulthood.	A	

previous	study	did	not	find	the	same	association,	but	they	assessed	migraine	in	children.	

Thus,	our	study	is	the	first	using	an	adult	population,	and	it	needs	to	be	replicated	to	

confirm	the	findings.	In	paper	2	we	replicated	previous	studies	that	had	indicated	a	

preferential	maternal	transmission	of	migraine	(27-31).	The	populations	that	have	been	

included	in	these	studies	are	Indian,	Danish,	Portuguese,	American	and	German,	

indicating	that	these	patterns	of	family	transmission	also	exist	in	different	populations.		

In	paper	3,	we	performed	the	first	mitochondrial	genome-wide	study	to	date.	A	few	

studies	of	candidate	variants	have	been	performed	previously,	most	with	negative	

findings	(51,	53,	55).	A	few	studies	have	reported	associated	migraine	variants	(52,	54),	

but	these	were	not	replicated	in	our	data.	While	we	included	a	relatively	large	sample,	

an	even	larger	sample	may	be	needed	to	detect	rare	variants.	In	addition,	other	types	of	

variation	remain	to	be	examined,	as	discussed	under	“Main	findings”.		

A	problem	with	existing	GWAS,	is	that	they	are	mainly	performed	in	populations	of	

European	ancestry,	which	means	that	that	the	findings	can	not	necessarily	be	

transferred	to	other	populations	(149).	As	mtDNA	mainly	vary	with	geographical	

ancestry,	this	is	probably	equally	important	when	analysing	mtDNA	variation.	In	

addition,	the	mtDNA	variants	found	in	blood	cells	may	not	necessarily	be	representative	

for	mtDNA	variation	other	tissues,	e.g.	brain	(119-121).		
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ETHICAL CONSIDERATIONS 

The	HUNT	study	is	collecting	a	range	of	sensitive	personal	and	medical	information,	

including	genetic	information	which	is	considered	highly	sensitive,	especially	when	

combined	with	phenotype	data.			

The	HUNT	Study	is	approved	by	the	Data	Inspectorate	of	Norway	and	by	the	Regional	

Committee	for	Medical	Research	Ethics	(REK),	and	all	information	from	HUNT	is	treated	

according	to	the	guidelines	of	the	Data	Inspectorate.	The	HUNT	biobank	is	approved	by	

REK	(4/2006/250	REK	Central).	In	addition,	our	projects	are	approved	by	REK	

(#2015/463/REK	Central,	#2015/576/REK	Central	and	#2013/1077/REK	South	East).			

When	the	data	files	are	prepared	for	research	purposes,	the	name	and	personal	ID	

numbers	are	omitted,	and	substituted	with	a	project	ID,	so	the	researcher	have	no	access	

to	the	participant’s	identity.	However,	there	is	a	possibility	to	identify	individuals	based	

on	the	comprehensive	amount	of	personal	and	medical	information.	Therefore,	for	all	

data	files,	we	follow	a	strict	protocol	to	keep	phenotype	and	genotype	data	within	the	

research	group,	and	all	data	is	stored	on	a	secure	server.		

Participation	in	the	HUNT	studies	is	based	on	informed	consent.	After	receiving	written	

information,	the	participants	gave	their	consent	to	subsequent	control	and	follow-up,	

and	the	use	of	data	and	blood	samples	for	research	purposes.	They	also	gave	consent	to	

link	their	data	to	other	registers	(subject	to	approval	of	the	Data	Inspectorate).	In	

HUNT1	(not	used	in	our	studies)	consent	was	based	on	participation	only,	while	in	

HUNT2	and	HUNT3,	a	written	consent	was	signed	by	all	participants.	The	participants	

may,	at	any	time,	withdraw	their	consent,	and	they	may	ask	that	their	blood-	and	urine	

samples	are	destroyed.	In	HUNT2,	the	original	consent	did	not	include	genetic	studies.	

Therefore,	reconsent	was	obtained	for	all	HUNT2	participants.	1.9%	of	the	participants	

withdraw	their	consent	(146).		

A	specific	issue	has	risen	with	genetic	studies,	where	the	results	may	be	of	medical	

relevance	to	the	participants.	An	often-cited	example	is	identification	of	genetic	variants	

that	largely	increase	the	risk	of	breast	cancer,	which	in	a	clinical	setting	would	lead	to	a	

consideration	of	further	action	(150).	These	scenarios	have	led	to	a	discussion	whether	

participants	should	be	able	to	give	consent	to	receive	this	kind	of	information	(151).	
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Studies	have	shown	that	most	individuals	prefer	to	receive	their	genetic	test	results	

(152,	153).		Traditionally,	feedback	from	genetic	studies	have	not	been	given	on	an	

individual	basis,	to	the	participants.	In	the	HUNT	study,	results	from	some	of	the	clinical	

tests	and	blood	tests	are	reported	to	the	participants,	including	blood	pressure,	

cholesterol,	glucose	and	thyroid	status.	The	participants	may	also	choose	not	to	receive	

these	results.	Information	about	risk	factors,	whether	genetic	or	non-genetic,	are	

currently	not	reported	to	individual	participants.		

In	GWA	studies,	including	mitochondrial,	identification	of	risk	variants	of	considerable	

relevance	to	disease	are	less	likely	to	be	found,	as	rare	deleterious	variants	are	not	

assessed.	However,	there	is	an	increased	interest	in	risk	estimates	based	on	a	large	

number	of	low-risk	variants.	People	are	now	receiving	personal	genetic	risk	estimates	

for	a	variety	of	diseases,	like	Alzheimer,	cancer,	obesity	and	cardiovascular	disease.	A	

recent	study	examined	how	the	knowledge	about	genetic	risk	may	result	in	

physiological	changes,	consistent	with	the	expected	risk	profile	(154).	They	found	that	

people	changed	their	lifestyle	in	a	self-fulfilling	manner,	and	that	the	effect	of	perceived	

genetic	risk	was	sometimes	even	greater	than	the	actual	genetic	risk.	This	leads	to	the	

question	whether	this	information	provides	a	benefit	or	a	disadvantage.	Also,	knowing	

the	risk	of	future	disease	where	no	cure	or	prevention	exist,	probably	only	leads	to	

anxiousness	and	fear.			

CONCLUSIONS, IMPLICATIONS AND FUTURE PERSPECTIVES 

Migraine	constitutes	a	large	burden	both	to	the	individual	and	to	society.	Still,	migraine	

treatment	is	not	sufficiently	effective	in	a	large	proportion	of	the	patients.	Development	

of	new	treatment	strategies	often	depends	on	knowledge	about	causes	and	underlying	

mechanisms.	An	example	is	the	triptans,	which	were	developed	based	on	the	known	role	

of	serotonin	in	migraine	pathogenesis.	Even	if	this	knowledge	had	existed	for	a	while,	

the	discovery	came	first	in	the	90’s,	and	revolutionized	migraine	treatment	(9,	19).	

Lately,	the	CGRP	antagonists	and	antibodies	have	gained	increasing	interest.	CGRP	

seems	to	be	an	important	mediator	in	migraine	pathogenesis,	and	the	CGRP	antagonists	

and	antibodies	have	shown	convincing	effect	in	treatment	of	migraine	(9).	This	is	the	

first	breakthrough	in	migraine	treatment	since	the	triptans,	but	still	only	about	50%	of	

the	patients	are	responders	(155).	Thus,	we	still	need	to	understand	more	of	the	
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pathophysiology,	in	order	to	develop	more	effective	migraine	treatment.	With	increased	

knowledge	about	modifiable	risk	factors,	avoidance	of	these	could	prevent	developing	

migraine	in	the	first	place.	Genetic	studies	could	also	be	used	to	identify	individuals	who	

are	likely	to	respond	to	a	specific	treatment.		

The	aim	of	the	work	in	this	thesis	was	to	provide	some	pieces	into	the	big	migraine	

puzzle,	as	none	of	the	studies	provide	any	direct	therapeutically	implications.	However,	

our	plan	is	to	build	on	the	present	studies.	To	further	explore	whether	perinatal	factors	

may	play	a	role	in	migraine,	we	are	involved	in	a	study	of	caesarean	section	and	

migraine.	To	further	explore	the	family	transmission	of	migraine,	we	plan	to	perform	a	

similar	study	as	in	paper	2,	using	the	Norwegian	Mother,	Father	and	Child	Cohort	

(MoBa).	The	MoBa	cohort	has	a	larger	number	of	parent-offspring	couples,	which	gives	

us	an	increased	sample	size.	In	addition,	information	about	family	structure	is	available,	

which	could	give	insight	to	the	genetic	and	environmental	components	of	familial	

migraine	transmission.	To	further	explore	the	role	of	mtDNA	variation	in	migraine,	our	

group	plans	to	perform	a	large	meta-analysis	in	collaboration	with	other	cohorts.	To	

increase	the	chance	of	discovering	rare	variants,	we	will	also	likely	analyse	the	

cumulative	effects	of	multiple	variants	within	a	biological	region,	like	a	gene	(gene-

based	tests)	(156).	We	also	plan	to	explore	whether	imprinting	may	play	a	role	in	

migraine,	by	analysing	mother-father-child	trios	in	both	the	HUNT	Study	and	the	MoBa	

Study.	Family-based	studies	also	provide	an	alternative	approach	to	study	rare	genetic	

variants,	as	several	copies	of	the	rare	variant	can	be	sampled	(156).	
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Abstract

Background
There is little knowledge about how factors early in life affect the development of migraine

and tension-type headache. We aimed to examine whether growth restriction in utero is

associated with development of migraine and frequent tension-type headache in adults.

Methods
The population-based Nord-Tr ndelag Health Study (HUNT 3) contained a validated head-

ache questionnaire, which differentiated between migraine and tension-type headache.

These data were linked to information on weight and gestational age at birth from the Norwe-

gian Medical Birth Registry. In total 4557 females and 2789 males, aged 19–41 years, were

included in this registry-based study. Participants were categorized as appropriate for gesta-

tional age (AGA, 10th-90th percentile), small for gestational age (SGA, 3rd-10th percentile) or

very small for gestational age (VSGA, 3rd percentile). Logistic regression was used to cal-

culate odds ratios (OR) with 95% confidence intervals (CI) for migraine and tension-type

headache, with exposure being growth restriction at birth.

Results
The effect of growth restriction on migraine was modified by sex, with a significant associa-

tion in males (p 0.001), but not in females (p = 0.20). In particular, males born VSGA were

at increased risk of developing migraine (OR 2.73, 95% CI 1.63–4.58, p 0.001), with an

intermediate risk among those born SGA (OR 1.50, 95% CI 0.96–2.35, p = 0.08) compared

to those born AGA. There was no significant association between growth restriction and fre-

quent TTH (p = 0.051).
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Conclusion
Growth restriction was associated with increased risk of migraine in adulthood among

males, but not among females. This suggests that migraine might, in part, be influenced by

early life events, and that males seem to be particularly vulnerable.

Introduction
Migraine and tension-type headache (TTH) are the most common primary headache disor-

ders, affecting about 15% and 21% of the world’s population respectively [1, 2]. Headache dis-

orders have a high cost to the society because they tend to affect people during their most

productive years [1], and migraine alone is ranked as one of the top ten causes of disability

worldwide [3]. For both migraine and TTH, genetic variation is estimated to account for 40–

50% of the risk [4]. Various lifestyle and psychosocial factors are in different studies found to

be associated with headache [5–10] and for migraine, female sex hormones are suggested to

play a role [11, 12].

Foetal growth restriction (FGR) is traditionally defined as birth weight by gestational age

and gender below the 10th percentile. FGR affects up to 9% of pregnancies in developed coun-

tries, and six times that number in developing countries [13]. Causes of FGR include chromo-

somal abnormalities, infection, multiples, maternal malnutrition and lifestyle factors, and

placental factors. Placental insufficiency is recognized as the most important end determinant

of FGR [13]. FGR is associated with both short- and long-term neurodevelopmental delays

and cognitive dysfunction [13], as well as with late-onset disorders such as type 2 diabetes and

cardiovascular disease [14, 15].

Few previous studies have examined the effect of pre- and perinatal factors on the risk of

developing headache later in life, and no study has examined the effect of FGR on the develop-

ment of headache in adulthood. In one study examining FGR and headache among 11-year

old children, no effect was found on FGR and migraine, but the sample included an age group

where migraine has low prevalence [16]. Only a few studies have examined other perinatal fac-

tors and headache [17–19]. Our aim was to examine a possible association between FGR and

headache in adulthood.

We utilized the population-based Nord-Trøndelag Health Survey (HUNT), in which partic-

ipants were assessed for headache disorders. In order to examine the effect of FGR on the

development of migraine and TTH in adulthood, survey data were linked to the Norwegian

Medical Birth Registry for near complete objective body measurements at birth.

Materials andmethods

Study sample
All inhabitants 20 years or older in Nord-Trøndelag county of Norway were invited to partici-

pate in the Nord-Trøndelag Health Study, HUNT 3 (2006–2008). The study population,

including both participants and non-participants has been described in detail previously [20,

21]. In brief, two questionnaires including more than 200 health-related questions were given

to the participants. Of the 94 194 individuals invited, 50 839 (54%) answered the first question-

naire (Q1) which was enclosed with the invitation letter. They were also invited to participate

in a brief medical examination, and to fill in a second questionnaire (Q2), which included a
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total of 14 headache questions. In total, 39 701 (42%) participants answered Q2 and could be

classified according to headache status.

Information on weight by gestational age was obtain through The Norwegian Medical Birth

Registry, which contains information on all registered births in Norway since 1967 [22]. Of

those answering the headache questions, 8380 individuals were born in 1967 or later, and were

therefore eligible for inclusion in the study. Of these, 7763 (92.6%) had complete information

about sex, age, weight and gestational age in the registry. We subsequently excluded those who

were registered with congenital malformations (n = 199), had been born< 20th or> 44th weeks

of gestational age (n = 69), had weight for gestational age> 5 standard deviations (SD) away

from the Scandinavian reference mean [23] (n = 14), were part of multiple births (n = 111) or

whose mothers had rubella during the pregnancy (n = 16). Both congenital malformations,

maternal rubella infection during pregnancy and multiple births are well-known causes of low

birth weight [24], and therefore these individuals were excluded to avoid a potential confound-

ing effect. After exclusions, 7354 individuals, with a mean age of 32.2 years (range from 19.2 to

41.4 years) were included in the study. For analyses of specific headache diagnoses, only those

who could be classified as having migraine, frequent TTH or as headache free were included

(n = 6218, Table 1).

Participation was based on informed, written consent, and the study was approved by the

Regional Committee for Medical and Health Research (2015/463/REK midt).

Headache diagnoses
The 14 headache questions in the second questionnaire (Q2) were designed mainly to determine

whether the individual had headache, the frequency of headache, and, when headache were

reported, to diagnose migraine and TTH according to a modified version of the second version

of the International Classification of Headache Disorders (ICHD-II) [25]. Subjects who answered

“yes” to the screening question “Have you suffered from headache during the last 12 months?”

were classified as headache sufferers. Those who answered “no” comprise the headache-free con-

trol group. Based on subsequent headache questions [20], headache sufferers were classified as

having migraine if they fulfilled the following four criteria: (i) Headache attacks lasting� 72

Table 1. Characteristics of the Participants.

No headache Migraine Frequent TTH

Characteristics n = 3723 n = 1335 n = 1160

Females Males Females Males Females Males

Participants (n) 1974 1749 1041 294 803 357

Age, years (SD) 31.6 (6.4) 32.3 (6.2) 32.4 (6.0)** 33.1 (5.9) 32.3 (6.3)* 33.5 (5.8)**

Birth weight, grams (SD) 3492 (512) 3641 (543) 3454 (515) 3570 (541)* 3452 (529) 3650 (513)

Gestational age, weeks (SD) 40.1 (1.7) 39.9 (1.8) 40.0 (1.8) 39.8 (1.7) 40.0 (1.7) 40.0 (1.8)

Birth weight for gestational age

AGA, % (n) 79.3 (1565) 80.8 (1413) 79.4 (827) 74.5 (219) 77.1 (619) 81.5 (291)

SGA, % (n) 6.9 (137) 6.4 (112) 8.3 (86) 8.8 (26) 9.6 (77)* 5.3 (19)

VSGA, % (n) 3.9 (76) 3.0 (52) 4.5 (47) 7.5 (22)*** 5.0 (40) 3.4 (12)

LGA, % (n) 9.9 (196) 9.8 (172) 7.8 (81) 9.2 (27) 8.3 (67) 9.8 (35)

TTH: Tension-type headache; n: Numbers of participants, SD: Standard Deviation; AGA: Appropriate for gestational age (weight by percentile); VSGA:

Very small for gestational age ( 3rd percentile); LGA: Large for gestational age ( 90th percentile). Group mean or proportion is significantly different than

no-headache control mean or proportion for the same sex at *p 0.05 ** p 0.01 *** p 0.001 as determined by chi-square tests for categorical variables

and independent t-tests for continuous variables.

https://doi.org/10.1371/journal.pone.0175908.t001
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hours. (ii) Headache with at least two of the following characteristics: pulsating quality, unilateral

location, moderate to severe intensity or aggravation by physical activity. (iii) During headache,

at least one of the following: a) nausea and/or vomiting, b) photophobia and phonophobia. Head-

ache sufferers were classified as having frequent TTH if they fulfilled the following criteria: (i)

Headache at least one day a month. (ii) Headache with at least two of the following characteris-

tics: bilateral location, pressing quality, mild to moderate intensity and no aggravation by physical

activity. (iii) During headache no nausea or vomiting and no phonophobia or photophobia. The

headache diagnoses were mutually exclusive. These headache diagnoses have previously been val-

idated against clinical interviews by neurologists [20]. The sensitivity and specificity were, respec-

tively, 88% and 86% for any headache (Cohen’s kappa ( ) = 0.70, 95% CI 0.61–0.79), 51% and

95% for migraine ( = 0.50, 95% CI 0.32–0.68) and 96% and 69% for frequent TTH ( = 0.44,

95% CI 0.30–0.58).

Foetal growth restriction (FGR)
We used the traditional definition of FGR, that is a birth weight by gestational age and gender

below the 10th percentile, the definition being equal to small for gestational age (SGA) [26].

Since it has been shown that this definition includes a considerable proportion of constitution-

ally small foetuses [27], some have suggested using a threshold of two standard deviations

below the mean (corresponding to the 3rd percentile) to better identify foetuses at risk [28, 29].

For the analysis in this study we therefore defined two mutually exclusive groups, those lying

between the 3rd and 10th percentile, termed SGA, and those below the 3rd percentile, termed

very small for gestational age (VSGA). Participants born with a weight appropriate for gesta-

tional age (AGA, 10th-90th percentile) were used as a reference group. Those born large for ges-

tational age (LGA,> 90th percentile) were included in prevalence calculations, but were not

included in analyses of FGR. In order to calculate the percentile for each individual, birth

weight was standardized according to gestational age and sex based on national reference data

[23], and expressed as a z-score.

Additional information from the Norwegian Medical Birth Registry, such as specific diag-

noses in the newborn, complications during pregnancy or labour, maternal smoking, alcohol

use, medical conditions and medication use, could unfortunately not be included, due to lack

of data or high level of missingness in the birth notification forms used before 1999.

Statistical analysis
Considering an explanatory strategy, our major hypothesis was that FGR is associated with

headache status in adulthood. We estimated the effect of having FGR at birth (exposure) on the

presence of headache in HUNT 3 (outcome) using binary logistic regression. Those suffering

frommigraine and frequent TTH were examined separately, and compared to participants free

of headache. For the exposure variable, the effect of SGA and VSGA was examined by using

those born AGA as a reference. The results are reported as odds ratios (OR) with 95% confi-

dence intervals (95% CI). The exposure variables (AGA, SGA, VSGA) were also incorporated as

a single ordinal variable in a two-sided test for trend. Sex and age were considered as potential

confounders or effect modifiers on this association. The confounding effect was quantified by

comparing the adjusted OR to the crude OR. Variables with a confounding effect> 5% were

included in the final analysis. Effect modification was examined by including an interaction

term in the model, where we defined effect modification as significant interaction at p< 0.05.

Modification was handled by performing stratified analyses. All tests were two-sided and p-

values< 0.05 were considered statistically significant.
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Estimated marginal probabilities of migraine were based on a model including the interac-

tion of gender and growth restriction, holding age at its mean, and visualized graphically. For

this analysis we included the whole study sample, including those with non-classified head-

ache, in order to obtain representative probability estimates.

All analyses were performed using Stata/SE 14.1 for Mac (StataCorp LP, College Station,

TX, USA).

Results

Migraine
To study the association between FGR and migraine we included 1335 subjects with migraine

and 3723 subjects without headache. The overall prevalence of migraine in our study sample

was 22.8% for females and 10.5% for males, which is comparable to the expected migraine prev-

alence for this age group, in this region [12, 30]. The mean age was 32.5 years among all the par-

ticipants, with a range from 19–41 years. Characteristics of the participants are presented in

Table 1. Females in the migraine group were significantly older compared to the control group,

the groups were otherwise comparable. Males in the migraine group had lower birth weight

than the control group, and a different distribution of weight by gestational age, with a higher

proportion of individuals being VSGA compared to the control group.

There was a significant effect modification of sex on the relationship between being born

VSGA and migraine (p = 0.009), and subsequent analyses were therefore performed separately

for males and females. Including age in the model did not alter the estimates, and age was

therefore not included as a covariate in the final model. The results are summarized in Table 2.

For migraine the unstratified analyses revealed an OR of 1.27 (95% CI 0.99–1.61, p = 0.056),

being SGA, and an OR of 1.52 (95% CI 1.10–2.10, p = 0.011), being VSGA, compared to those

being AGA. The effect of FGR on the development of migraine was however dependent on its

interaction with sex. The effect was stronger in males, for whom there was a significant associ-

ation between FGR and the development of migraine (p for trend<0.001). There was a non-

significantly, moderate increased odds in those born SGA (OR = 1.50, 95% CI 0.96–2.35,

p = 0.08), and a significantly nearly three times higher odds of migraine among those born

Table 2. The Effect of Weight for Gestational Age on Development of Migraine.

All Females Males

No
headache

Migraine No headache Migraine No headache Migraine

OR (95% CI) OR (95% CI) OR (95% CI)

n n n n n n

AGA 1.0 (ref) 1.0 (ref) 1.0 (ref)

2978 1046 1565 827 1413 219

SGA 1.27 (0.99–1.61) 1.19 (0.90–1.58) 1.50 (0.96–2.35)

249 112 137 86 112 26

VSGA 1.52 (1.10–2.10) 1.17 (0.81–1.70) 2.73 (1.63–4.58)

128 69 76 47 52 22

p for trend 0.001 0.20 0.001

AGA: Appropriate for gestational age (weight by gestational age 10th-90th percentile); SGA: Small for gestational age (3rd-10th percentile); VSGA: Very

small for gestational age ( 3rd percentile); OR: Odds ratio; CI: Confidence Interval; n: Number of participants

https://doi.org/10.1371/journal.pone.0175908.t002
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VSGA (OR = 2.73, 95% CI 1.63–4.58, p<0.001), compared to those born AGA. In females, no

significant association was seen between FGR and the development of migraine (p for trend =

0.20), although the tendency was in the same direction as for males, with non-significantly

increased odds for those born SGA (OR = 1.19, 95% CI 0.90–1.58, p = 0.23) and VSGA

(OR = 1.17, 95% CI 0.81–1.70, p = 0.41).

Age-adjusted estimates for prevalence (probabilities) of migraine by sex and weight by ges-

tational age are given in Fig 1. For males, migraine was found to be more than twice as preva-

lent among those born VSGA (20.9%) compared to those born AGA (9.8%).

Frequent tension-type headache
The same procedure was used to investigate the association between FGR and frequent TTH

(n = 1160). Characteristics of the participants are summarized in Table 1. Both males and

females in the frequent TTH group were significantly older than the headache free control

groups, and females with frequent TTH were more often born SGA.

No effect modifiers were identified. Sex had a confounding effect and was therefore

included in the model, but age did not.

FGR was not significantly associated with the development of frequent TTH (p for trend =

0.051). There were no significant differences in odds for migraine for those born SGA (OR =

1.22, 95% CI 0.95–1.56, p = 0.12) or VSGA (OR = 1.27, 95% CI 0.91–1.77, p = 0.17), compared

to those born AGA.

Fig 1. Estimated Probabilities of Migraine (%) byWeight/Gestational Age and Sex. AGA: Appropriate for gestational age
(weight by gestational age 10th-90th percentile); SGA: Small for gestational age (3rd-10th percentile); VSGA: Very small for
gestational age ( 3rd percentile); LGA: Large for gestational age (90th-100th percentile).

https://doi.org/10.1371/journal.pone.0175908.g001
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Discussion
In this population-based study of 7354 adults with information on measurements at birth, we

found that FGR was associated with increased odds of developing migraine in males. This rela-

tionship was most pronounced in those born VSGA, among whom the odds of migraine in

adulthood were almost three times higher than in the non-growth restricted group. The study

revealed no association between FGR and migraine in females, or between FGR and frequent

TTH.

Few previous studies have investigated the effect of perinatal factors on the risk of headache.

In contrast to our findings, one longitudinal study of 871 11-year old children did not report

an effect of FGR on migraine or TTH [16]. The study may however have been limited by the

low prevalence of migraine in this age group. As well, they included term infants only, and did

not analyse females and males separately. A few additional studies have examined the impact

of other perinatal factors on later headache. They have reported an association between admis-

sion to the neonatal intensive care unit and later migraine [18], and between maternal tobacco

and alcohol use during pregnancy and later chronic daily headaches [17], while no association

was found between being born prematurely and headache in children [19]. However, these

studies were limited by small study samples or failure to separate migraine from other types of

headache.

FGR is defined, by its true meaning, as a foetus who does not reach its predetermined

growth potential [31]. This can be a result of genetic factors, such as chromosomal abnormali-

ties, or of environmental factors, poor placental function being the most important contributor

to FGR [13]. Insufficient placental circulation leads to chronic hypoxia and reduced nutrient

supply to the foetus, resulting in a decreased growth rate and redistribution of blood to vital

organs including the brain [13]. Despite this brain-sparing effect, FGR is associated with sev-

eral neuropathological difficulties in childhood and later life, including impaired fine- and

gross motor skills, impaired cognition and learning, and behavioural problems regarding

attention, responsivity, hyperactivity, mood and anxiety [13]. FGR has been associated with

attention deficit/hyperactivity disorder [32], cerebral palsy [13], and possibly with epilepsy

[33].

Specific structural and functional changes in the brain associated with FGR include delayed

myelination, a reduced number of synapses and altered dendritic morphology, changes in grey

and white matter volume, and reduced brain connectivity particularly in the prefrontal and

limbic networks, the latter correlating with neurobehavioral impairments, such as hyperactiv-

ity and cognitive executive deficits [13]. Of particular interest in relation to migraine, animal

studies have shown alterations in neurotransmitter levels in various parts of the brain, with

increased excitatory glutaminergic activity, and decreased inhibitory GABA-ergic activity [34],

in addition to increased levels of dopamine, noradrenalin and serotonin [34–36]. Several lines

of evidence suggest an imbalance of synaptic excitation-inhibition in migraine, resulting in a

hyperexcitable state. This presents a potential mechanism for an increased propensity for

developing migraine due to FGR [37, 38]. It is also likely that serotonin plays a role in migraine

pathogenesis, with serotonin receptor agonists (triptans) being important in the acute treat-

ment of migraine [39]. As well there is some evidence for imbalances in dopamine and nor-

adrenaline function in migraine patients, although their specific role in the pathogenesis

remains unclear [40, 41].

Several studies have also indicated that altered hemodynamics in utero may result in dys-

functional development of the cardiovascular system, “programming” the foetus for lifelong

cardiovascular morbidity [42]. A higher prevalence of cardiomyopathy-like remodelling and

vascular dysfunction, increased blood pressure and increased carotid intima-media thickening
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have been found in older children born with FGR [15]. Several lines of evidence point towards

an association between migraine and vascular dysfunction [43], and FGR as a shared underly-

ing factor could theoretically present one explanation for this relationship.

It could also be speculated that the effect of FGR on the later development of migraine

might be mediated through admission to the neonatal intensive care unit (NICU), which

involves exposure to painful procedures and stressful events. This experience may play a role

in the later development of headaches [18].

Somewhat surprisingly, we found a significant effect modification of sex. The risk of devel-

oping migraine was clearly increased in growth restricted males, but not in females. This

greater effect of FGR on males is in line with previous studies on other conditions, suggesting

that it may have a biological basis [44, 45]. Compared to females, growth restricted males are

at increased risk of neonatal complications and mortality [46, 47], cerebral palsy, mental- and

psychomotor developmental delays, and neurodevelopmental impairment [48]. It has been

suggested that male and female foetuses adapt differently to adverse environments, most likely

mediated by sex specific adaptations of the foetal-placental unit regarding immune function

and response to maternal inflammatory status. The female placenta seems to be more respon-

sive to changes in glucocorticoid concentration, and adapts to an adverse intrauterine environ-

ment with altered gene- and protein expression and a minor decrease in growth of the female

foetus, without it becoming growth restricted. The male placenta is more resistant to glucocor-

ticoids and exhibits minimal adjustments, with the male foetus continuing to grow normally

in the presence of an adverse intrauterine environment. In the presence of a second stressful

event, the male response is associated with increased risk of growth restriction, preterm deliv-

ery or death in utero, while the female response seems to ensure survival [49]. Likewise, female

foetuses appear to respond more adequately to asphyxia, with a higher release of catechol-

amines and a lower risk of neurological complications [47]. Lastly, there seem to be microvas-

cular differences between male and female neonates born preterm or from pre-eclamptic

pregnancies, with a stronger vasodilation at birth in males than in females [49]. These findings

indicate that males are especially vulnerable to stressful perinatal events, and that reduced

nutrient supply and hypoxia in utero might have greater consequences for the growing brain

in males than in females. Similar mechanisms could be involved in the stronger effect of FGR

on migraine in males than in females observed in our study.

We did not find any associations between being growth restricted at birth and frequent

TTH. A reason for this might, in part, be that migraine and TTH are caused by separate under-

lying mechanisms, as has been suggested previously [50].

Strengths of our study include the large and unselected population, the use of validated

headache diagnoses, and near complete objective measurements of height and weight at deliv-

ery, making it possible to define FGR.

One limitation of our study may be the low number of growth restricted headache sufferers,

in particular growth restricted males with headache. However, despite large confidence inter-

vals, the findings were still significant. Another limitation is that headache diagnoses were

based on responses to a questionnaire, and not on clinical diagnosis. For this reason people

who suffer from aura without headache will also not be included. Also, while we used a tradi-

tional definition of FGR, true FGR should optimally be determined using Doppler ultrasound

of the foetal blood vessels during pregnancy. In particular, an abnormal ratio between cerebral

and placental vascular function is a stronger predictor of pregnancy complications than birth

weight by gestational age [51]. It might also have been more optimal to use customized growth

charts, but unfortunately information on maternal factors like ethnicity, height, weight and

age were not available. It is likely that a proportion of those defined as having FGR in the cur-

rent study are simply constitutionally small [52], and not at increased risk of adverse outcomes

Foetal growth restriction, migraine and tension-type headache

PLOSONE | https://doi.org/10.1371/journal.pone.0175908 April 14, 2017 8 / 12

https://doi.org/10.1371/journal.pone.0175908


[53]. Likewise, we will have missed growth restricted foetuses with a birth weight above the

10th percentile. Both types of misclassification will result in an underestimation of the effect of

FGR on the development of headache in the current study. To minimize the risk of mis-

classification, we studied the group born VSGA, where the proportion of true FGR will be

higher, separately. Lastly, while we examined age and sex as potential confounders, we

cannot exclude residual confounding from variables not available in our material, such as

maternal psychiatric comorbidity, health, lifestyle and medication use during pregnancy,

complications in pregnancy, complications/conditions in the newborn, socioeconomic

status and other hardships that may affect later caregiving, psychosocial environment

and family lifestyle. It would have been of particular value to further examine the growth

restricted males with migraine, regarding the above-mentioned factors, to evaluate if they

differed from the normal-weighted newborns in other ways than being small. Future stud-

ies where such factors are assessed, should consider the extent to which they affect the rela-

tionship between FGR and later migraine.

In conclusion, in this first population-based study examining the effect of FGR at birth on

the later development of headache, we found that FGR was a predictor for migraine in adult-

hood among males. This association was strongest for those born VSGA (<3rd percentile),

who had almost three times higher odds of migraine in adulthood. No significant relationship

between FGR and the development of migraine was found in females. That the association was

limited to males corresponds with previous findings of a more prominent effect of FGR in

males than in females on various neurological outcomes. No relationship was found between

FGR and TTH, substantiating the notion that migraine and TTHmay be influenced by differ-

ent pathophysiological and psychological mechanisms. The biological mechanisms involved in

a relationship between FGR and migraine remain unclear, but may include altered neurotrans-

mitter activity or alterations in brain structure and connectivity. Further research is needed to

reveal these underlying mechanisms.
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Abstract

Background: Variation in mitochondrial DNA has been indicated in
migraine pathogenesis, but genetic studies to date have focused on
candidate variants, with sparse findings. We aimed to perform the first
mitochondrial genome-wide association study of migraine. In addition, we
examined mitochondrial haplogroups and variants in nuclear genes
encoding mitochondrial proteins (NEMPs).
Methods: Mitochondrial and nuclear genotypes were analysed separately
among participants from the Nord-Trøndelag Health Study. For
mitochondrial genotypes, we excluded samples not passing quality control
for nuclear genotypes, in addition to samples with low call rate and closely
maternally related. We analysed 775 mitochondrial variants in 4,021
migraine cases and 14,288 headache-free controls, using logistic regression.
In addition, we analysed 3,831 cases and 13,584 controls who could be
reliably assigned to a mitochondrial haplogroup. For NEMPs, we extracted
variants in and around 1,145 genes encoding mitochondrial proteins,
performing mixed logistic regression in 9,478 cases and 33,037 controls.
Results: Neither of the mitochondrial variants, haplogroups or NEMPs were
associated with migraine.
Conclusions: Our findings do not support a major role of mitochondrial
genetic variation in migraine pathophysiology, but a larger sample is needed
to detect rare variants and future studies should also examine
heteroplasmic variation, epigenetic changes and copy-number variation.
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Introduction

It is well known that migraine tends to run in families, and twin studies
examining migraine have estimated a heritability component of about 45%.1
Genome-wide association studies (GWAS) have found 38 migraine risk loci
in nuclear DNA (nDNA),2 however, these loci only explain about 15% of the
total heritability.3 The remaining heritability may be explained by variants
not yet examined, including variants in mitochondrial DNA (mtDNA).

The human mitochondrial genome is a 16,596 base pair long, circular
structure, which is maternally inherited.4 It contains 37 genes, whereof 13
encode proteins involved in the respiratory chain, and the remaining encode
ribosomal RNA’s and transfer RNA’s involved in the translation process.4
However, most of the >1000 mitochondrial proteins are encoded by
nDNA.5 Each cell contain 100’s to 1000’s of copies of the mtDNA, and
there may be genetic variation between mtDNA molecules within the same
cell, a phenomenon termed heteroplasmy.4

The best-studied mutations in mtDNA are those that cause a critical
energy failure, resulting in so-called ’primary mitochondrial disorders’, such
as Leber hereditary optic neuropathy (LHON), neurogenic muscle
weakness, ataxia and retinitis pigmentosa (NARP), mitochondrial
encephalopathy, lactic acidosis and stroke-like episodes (MELAS) and
myoclonic epilepsy with ragged-red fibers (MERRF).4 Variation in mtDNA
has also been linked to complex disorders, including cardiovascular disease,
Alzheimer disease and Parkinson disease,4 as well as metabolic traits such
as body weight and insulin levels.6

Several lines of evidence indicate that mitochondrial dysfunction is
involved in migraine pathogenesis. Findings of structurally abnormal
mitochondria and signs of impaired energy metabolism have been reported
in migraine patients, with similar patterns seen in some of the primary
mitochondrial disorders, including MELAS, MERRF and LHON.7,8 In
addition, a migraine-like headache is seen in several mitochondrial
disorders, most commonly in MELAS.5,8 Lastly, migraine seems to be
disproportionally inherited through the maternal line,9 consistent with a
partial mitochondrial inheritance.

Until now, studies of mtDNA and migraine have focused on a few
variants, and mainly rare mutations known to be associated with the
mitochondrial encephalomyopathies, including MELAS, MERRF,
Kearns-Sayre syndrome (KSS) and LHON. The studies are of small sample
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sizes, and none of the variants associated with the mitochondrial
encephalomyopathies, have shown associations with migraine.5,7,8. A few
other studies have reported associations with other mtDNA variants. The
largest study included 120 migraine patients and reported associations at
m.16519C>T and m.3010G>A.10 Another study found an associated
variant at m.4336A>G.11

Mitochondrial function is also dependent on nuclear genes encoding
mitochondrial proteins (NEMPs). The largest, and most recent GWAS on
migraine did not specifically report any NEMPs,2 but two of the loci are
close to genes likely to encode mitochondrial proteins12. A study
specifically focusing on NEMPs,13 including 80 migraine cases, reported
three associated variants at rs7681294 in ELOVL6, rs2073815 in SARDH
and rs9327298 in CSNK1G3.

As of today, no mitochondrial genome-wide association study of
migraine has been performed. We aimed to explore whether migraine was
associated with variants across the mitochondrial genome, and with
mitochondrial haplogroups. In addition, we aimed to identify associations
between migraine and NEMPs and to replicate previously reported
associations.

Methods

The Nord-Trøndelag Health Study

The Nord-Trøndelag Health Study (HUNT) is a large, population-based
cohort study from Nord-Trøndelag county in Norway. The study has been
carried out four times (HUNT1-4), and all inhabitants aged � 20 have been
invited to participate.14 Data was collected through questionnaires
including more than 200 health-related questions and clinical examinations.
DNA from whole blood was collected in HUNT2 (1995-1997) and HUNT3
(2006-2008), with genotypes being available in 71,860 participants.

An overview of sample quality control and phenotype assignment is shown
in Figure 1.
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Genotyped in HUNT2

and HUNT3

71,860

Passing QC for

nDNA

69,716

 n = 2,144

mtDNA callrate 

> 98%   

69,590

Close maternally

unrelated

30,564

n = 126

 n = 38,936

Could reliably be

assigned to mtDNA

haplogroup

29,113

Information about

headache status 

42,515

n = 27,201

Information about

headache status 

18,309

Information about

headache status 

17,415

n = 9,309n = 11,698

Final sample for mtDNA haplogroups Final sample for mtDNA variants

Final sample for variants in NEMPs

n = 1,451

Figure 1. Overview of sample quality control and phenotype assignment.
HUNT: The Nord-Trøndelag Health Study. QC: Quality control. nDNA:
Nuclear DNA. mtDNA: Mitochondrial DNA. NEMPs: Nuclear genes
encoding mitochondrial proteins.

Genotyping

Genotyping of 71,860 participants was performed at the Genomics-Core
Facility (GCF) at the Norwegian University of Science and Technology,
NTNU by the HUNT-Michigan (HUNT-MI) collaboration. Three different
versions of the Illumina HumanCoreExome microarray were used (Illumina
HumanCoreExome12 v.1.0, HumanCoreExome12 v.1.1 and
HumanCoreExome24 with custom content), which included 369-394
mitochondrial variants. The mitochondrial and nuclear genotypes were
handled separately.
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Mitochondrial genotypes

An overview of the calling, genotyping and imputation of the mitochondrial
variants is provided in Figure 2. The mitochondrial genotypes were called
in Illumina GenomeStudio v.2011.1. All variants were manually clustered,
allowing only homozygous calls. Heteroplasmic observations falling between
the two homozygous clusters were excluded. Variants with low quality, as
determined by visual inspection, redundant variants of the lowest quality
and variants with call rate < 98% were excluded. To determine genomic
position, strand orientation and reference allele, the genotypes were aligned
to the Cambridge Reference Sequence (rCRS) using BLAT,15 and only
variants that could be mapped perfectly, or with unique match with a single
mismatch, were included. We excluded samples not passing quality control
for nuclear genotypes or with call rate < 98% for mitochondrial genotypes.
After quality control, the datasets were merged, and only overlapping
variants kept. All overlapping variants had comparable allele frequencies.
Prior to imputation, monomorphic variants were removed. To allow haploid
imputation, we assigned all samples to male sex, and followed instructions
for imputing chromosome X in IMPUTE2.16 We used a combination of
1000 Genomes Project17 and 2,191 low-coverage whole-genome sequenced
samples from the HUNT study as reference panels, imputing to 5,881
variants. Variants with imputation quality (INFO) score < 0.3 and
monomorphic variants were excluded. The posterior probabilities from
IMPUTE2 were converted to dosages, ranging from 0-1.

Since there are currently no established methods to handle
mitochondrial relatedness, we excluded first- and second-degree maternally
related samples. Relatedness was estimated from nuclear genotypes using
KING,18 and maternal relatedness was defined as having zero or one
mismatching mtDNA variants, as calculated with the --genome full
command in PLINK 1.9.19 After quality control, we had a sample of 30,564
participants who were not closely maternally related.
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Illumina HumanCoreExome 

12v1.0

394 mtDNA variants

7,872 samples

Illumina HumanCoreExome 

12v1.1

390 mtDNA variants

4,992 samples

Illumina HumanCoreExome24

with custom content

369 mtDNA variants

58,996 samples

Pass quality

control: 

342 

Poor quality*: 

4

Redundant: 

9

Remapping**: 

27

Callrate < 98%: 

12

Pass quality

control: 

338

Poor quality*: 

6

Redundant: 

11

Remapping**: 

27

Callrate < 98%: 

8
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control: 

323 

Poor quality*: 

4

Redundant: 

11

Remapping**: 

26

Callrate < 98%: 

5

Overlapping

variants in merged

datset: 

318

Variants for

imputation: 

254 
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64

For haplgroup

estimation

Batch 1 Batch 2 Batch 3

Imputing to 

HUNT WGS: 

3,668

Imputing to 

1000G: 

3,644

Merged HUNT

WGS and 1000G

imputed datsets

5,881

mtDNA variants for

analysis: 

775

Monomorphic: 

4,143

INFO < 0.3:

900

MAF < 0.3 in cases:

63

Figure 2. Overview of calling, quality control and imputation of
mitochondrial genotypes. *Poor quality: Poor quality of the clusters in
Illumina GenomeStudio, determined by visual inspection. **Remapping:
Excluding variants with bad probe, multiple matches in genome and single
mismatch. mtDNA: Mitochondrial DNA. WGS: Whole genome sequenced.
INFO: Imputation quality score. MAF: Minor allele frequency
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Mitochondrial haplogroups

Mitochondrial haplogroups were estimated from the directly genotyped
variants, using PhyloTree1720 as implemented in Haplogrep2.21 We
assigned participants to one of the major European haplogroups (H, V, HV,
J, T, U, K, Z, W, X, I, N), or to a group of "Others". Samples with a
haplogroup quality score < 0.9 were excluded, in addition to those failing
quality control for mitochondrial or nuclear genotypes, or who were closely
maternally related, resulting in a sample of 29,113 participants.

NEMPs

Details of the calling, quality control and imputation of the nuclear
genotypes have been described elsewhere.22 In total, 69,716 samples passed
quality control, and were of recent European ancestry.

We used MitoCarta2.012 to identify 1,145 genes encoding mitochondrial
proteins. To ensure coverage of regulatory regions, we included all variants
within 10 kilobases before and after the gene.

Migraine diagnosis

The migraine diagnosis was assessed using questionnaires and based on a
modified version of the International Classification of Headache Disorders
(ICHD).23 The participants were asked whether they had suffered from
headache during the last 12 months, and those who answered "yes" were
classified as headache sufferers, while those who answered "no" constituted
the control group of headache-free individuals. The headache sufferers were
asked subsequent questions about their headache, and were classified as
having migraine if they fulfilled the following 3 criteria: (1) headache
attacks lasting 4 to 72 hours, (< 4 hours was accepted for those who
reported commonly occurring visual disturbances before headache); (2)
headache with at least one of the following characteristics: pulsating
quality, unilateral location, or aggravation by physical activity; (3) during
headache, at least one of the following occurred: nausea, photophobia and
phonophobia. In addition, the participants were asked if they suffered from
migraine; those who responded positively to this question were also
included in the migraine group. The migraine diagnoses were validated by
clinical interviews performed by neurologist. In HUNT2 the sensitivity was
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69% and specificity 89% ( = 0.59, 95% CI 0.47–0.71).24 In HUNT3, the
sensitivity was 49% and specificity was 96% ( = 0.51, 95% CI 0.24-0.68).25

The final sample sizes are given in Figure 1.

Covariates

Covariates included in the analyses were sex, birth year, genotype batch
and first four principal components. The principal components were
calculated from nuclear genotypes by projecting all samples into the space
of the principal components of the Human Genome Diversity Project
(HGDP) reference panel, using PLINK v1.90.19 Relatedness between
participants was added as a random effect in the analysis of NEMPs, as
implemented in SAIGE.26

Statistical analysis

Mitochondrial variants

We performed a logistic regression, using Firth test in EPACTS v3.3.0.27

Migraine was modelled as the dependent variable, and the genotyped variants
(where available) or imputed variants (dosages) as the independent variable.
Sex, birth year, batch and first four principal components were included as
covariates. Only variants with an estimated minor allele count (MAC) � 3 in
the case group were included, which equalled a minor allele frequency (MAF)
threshold of 0.00075. We performed a spectral decomposition analysis28 to
determine the number of independent genetic effects, which was 249. Using
Bonferroni correction, the adjusted significance threshold was p 0.05/249
 2.005 x 10-4.

In order to evaluate previous studies, we specifically examined variants
reported to be associated with migraine, or that are strongly implied in the
mitochondrial encephalomyopathies MELAS, MERRF, KSS and
LHON.5,7,8. Some of the rare variants were not present in our dataset, and
six variants were tested (see Supplemental Table 1). We used a
Bonferroni-corrected p-value threshold  0.05/6  0.008 to indicate
significance. Since the study from Zaki et al.10 only included samples with
haplogroup H, and since m.3010G>A was significant only in those with the
m.16519C>T variant, we performed additional analyses in the same
subgroups. As m.16519C>T was imputed, we defined the presence of a T
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allele as having a dosage of > 0.5.

Mitochondrial haplogroups

The candidate haplogroup was analysed by using all the other haplogroups as
reference. We performed a logistic regression, using Firth test in EPACTS
v3.3.0.27 Sex, birth year and batch were included as covariates. We did
not include principal components, as haplogroup and principal components
are likely to be correlated, both expressing information about ancestry. By
applying Bonferroni correction, the adjusted p-value threshold was  0.05/13
 0.0038.

NEMPs

We performed a mixed logistic regression to account for cryptic relatedness,
using SAIGE v.29.4,26 including the leaving-one-chromosome-out (LOCO)
option when calculating the genetic relationship matrix. We used the same
model as for single mtDNA variants, except that we also included relatedness
as a random effect. We assumed an additive allelic effect, and included only
variants with MAC � 3 in the case group, which equalled MAF � 1.58 x
10-4. Using Bonferroni correction for analysing 298,592 variants, the adjusted
significance threshold was p  0.05/298,592  1.70 x 10-7.

We also examined NEMP variants that have previously been associated
with migraine. Only one of the variants reported by Stuart et al.,13 rs2073815
in SARDH, was found in our data, as the other two variants were not present
in MitoCarta.12 None of the variants from Gormley et al.2 were present in
our data, as they were located too far away from the NEMP genes to be
included. Since we only analysed one variant, we used a p-value threshold 
0.05.

Ethics

Participation was based on informed, written consent, and the study was
approved by the Regional Committee for Medical and Health Research
(#2015/576/REK Midt and #2014/144/REK Midt). In addition, the
HUNT Study was approved by the Norwegian Data Inspectorate. The
HUNT biobank is approved by REK (#4/2006/250/REK Midt).
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Results

Mitochondrial variants

For the analysis of mtDNA variants we included 18,309 participants; 4,021
cases and 14,288 controls. Of the 775 variants that were analysed, none were
significantly associated with migraine after correction for multiple testing
(Figures 3 and 4).
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Figure 3. Solar Manhattan plot of the association p-values between
mitochondrial DNA (mtDNA) variants and migraine. Each dot represents a
mtDNA variant association with migraine, colour-coded by gene. The base-
pair positions are provided on a circular x-axis, anticlockwise, to represent
the structure of the mtDNA. The -log10(p)-values are provided on a radial
y-axis, which is the distance from the centre. The red circle indicates the
Bonferroni-corrected p-value threshold of 2.005 x 10-4. The blue line indicates
p = 0.05.
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Figure 4. Quantile-quantile plot of association p-values between
mitochondrial DNA variants and migraine. The x-axis represents the
expected -log10(p)-values, and the y-axis represents the observed -log10(p)-
values. The red line represents the distribution of p-values under the null.
Variants are coloured by minor allele frequency (MAF).

For the replication of variants that have previously been associated with
migraine, or with mitochondrial encephalomyopathies, none were
significantly associated with migraine in our data (Supplementary Table 1).

Mitochondrial haplogroups

We analysed mitochondrial haplogroups in 17,415 participants; 3,831 cases
and 13,584 controls. The distribution of the haplogroups (see Table 1)
agreed with previous reports from the Norwegian population.29 None of the
haplogroups were significantly associated with migraine (Table 1).

13



Table 1. Association results between mitochondrial haplogroups and
migraine

Haplogroup Freq Beta SE Beta P-value Freq cases Freq controls
H 0.40 0.03 0.04 0.48 0.40 0.40
V 0.02 �0.08 0.13 0.53 0.02 0.02

HV 0.05 0.01 0.09 0.92 0.05 0.05
J 0.15 �0.02 0.05 0.70 0.15 0.16
T 0.08 �0.02 0.07 0.78 0.08 0.08
U 0.17 �0.05 0.05 0.36 0.16 0.17
K 0.09 �0.01 0.07 0.94 0.09 0.09
Z 0.01 0.12 0.25 0.65 0.01 0.01
W 0.01 0.16 0.16 0.31 0.02 0.01
X 0.01 0.00 0.19 1.00 0.01 0.01
I 0.01 0.27 0.17 0.11 0.01 0.01
N 0.00 �0.45 0.61 0.43 0.00 0.00

Other 0.00 0.61 0.52 0.24 0.00 0.00
Freq: Haplogroup frequency, SE: Standard Error

NEMPs

For the analysis of NEMPs, we included 42,515 participants. Of these, 9,478
were cases and 33,037 controls. None of the 298,592 analysed variants reached
Bonferroni-corrected significance. However, the quantile-quantile plot may
indicate a common polygenetic risk, even if the individual variants did not
reach the significance threshold. The results are shown in Figures 5 and 6.
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Figure 5. Manhattan plot of the association p-values between variants in
nuclear genes encoding mitochondrial proteins (NEMPs) and migraine. The
red, dotted line indicates Bonferroni-corrected significance threshold. The
x-axis represents chromosome and position, and the y-axis represents the
-log10(p)-values.
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Figure 6. Quantile-quantile plot of the association p-values between
migraine and nuclear variants in genes encoding mitochondrial proteins. The
x-axis represents the expected -log10(p)-values, and the y-axis represents the
observed -log10(p)-values. The grey, dotted line represents the distribution
of p-values with confidence intervals under the null. The red dotted line
represents the Bonferroni-corrected significance threshold. Variants are
coloured by MAF (minor allele frequency).

The NEMP variant that was previously reported to be associated with
migraine,13 rs2073815, did not replicate in our data (p = 0.83).

Discussion

Summary of the main findings

In this first mitochondrial genome-wide association study of migraine, we
found no associations with mtDNA variants or haplogroups. Furthermore,
no significant associations were found when specifically considering
previously reported associated variants, and variants known to be
associated with the migraine-related mitochondrial encephalomyopathies.
In addition, no variants mapping to NEMPs were significantly associated
with migraine. Thus, we did not find evidence for a major role of
mitochondrial genetic variation in migraine.
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Consistency with previous studies

Previous studies on mitochondrial genetic variation in migraine have mainly
focused on candidate variants that are strongly implied in the mitochondrial
encephalomyopathies. None of these variants have shown associations with
migraine.5,7,8

A few studies have reported positive findings for variants not linked to the
mitochondrial encephalomyopathies. Zaki et al.10 initially analysed patients
with cyclic vomiting syndrome, which is a migraine equivalent that was used
as a model disorder because of less heterogeneity. They found two associated
variants, which were further analysed in 112 migraine without aura cases and
444 controls. The variant m.16519C>T was significantly associated with
migraine, and m.3010G>A was significant in those with the m.16519C>T
polymorphism, suggesting a synergistic effect. Despite a substantially larger
sample size, we could not confirm these findings in our sample of migraine
patients. The reported associations may have resulted from different ancestry
between the cases (from Germany) and controls (from USA, Britain, Italy
and Finland).10 Another study that analysed the variant m.4336A>G and
a variety of diseases, reported an association with migraine.11 However, the
sample size was small, and only two out of 42 migraine cases harboured the
variant. In our sample of 4,021 migraine cases, we did not replicate this
finding.

A study of NEMPs in 80 migraine cases and 235 controls, reported
associations in three different genes; ELOVL6, SARDH and CSNIG3,
which also replicated in an unrelated sample of 544 migraine cases.13

However, the locus in SARDH did not replicate in our data, and the other
two genes are not present in MitoCarta,12 and therefore not included in our
study. In MitoMiner,30 both genes are predicted not mitochondrial.

Methodological considerations

Accounting for relatedness in analysis of mtDNA

The fact that mtDNA is maternally inherited has implications for how
mtDNA should be analysed in population-based association studies. We
believe that the assumption about independent observations is only
violated for close maternal relatives, because the observations are
dependent both in terms of exposure (genetic variants) and outcome
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(migraine). Even close paternal relatives do not share more mtDNA than
the general population, and are therefore independent in terms of exposure.
Distant maternal relatives share mtDNA, but do not share other factors
that may affect the risk of developing migraine, including nuclear variants
and environmental factors, and are therefore independent in terms of
outcome. Furthermore, since mtDNA does not recombine, but behaves like
a single locus with many alleles,31 all variants are more or less correlated
with each other. Adjusting for all maternal relatedness (e.g. all individuals
with identical, or almost identical mtDNA), would result in fitting the
candidate variant twice into the model. A comparable situation occurs in
traditional GWAS, where the whole chromosome containing the candidate
variant is often excluded from calculation of the genetic relationship matrix,
in a method called "leave-one-chromosome-out" (LOCO), to avoid fitting
the candidate variant twice and losing power.32 To our knowledge, no
adequate methods currently exist for adjusting for close maternal
relatedness in mitochondrial association studies.

Strengths and limitations

Strengths of the study include a large and unselected population. Cases and
controls were genotyped on the same array, and have been handled together
independent of the phenotype studied, excluding systematic batch effects
between the two.

Limitations include that the migraine diagnosis was based on
questionnaires, rather than clinical interviews by experienced physicians.
However, the diagnosis was based on the ICHD-criteria, and has been
validated by interviews by neurologists, yielding high specificity for
migraine.24,25 Only current migraine, present during the last 12 months,
was assessed. While this reduces the risk of recall bias, it also increases the
risk of including previous migraine sufferers, that are currently headache
free, into the control group. This may lead to some deflation of our results.

Unanswered questions

While we only examined inherited, homoplasmic mutations present in blood,
there may be other types of variation that could play a role in migraine
pathogenesis.

Heteroplasmy refers to mtDNA variants that are present in only a
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fraction of the mtDNA molecules.4 Heteroplasmic variants may result from
somatic mutations, or they may be maternally inherited. Recent studies
have found heteroplasmies in almost all individuals, although in small
amounts.33 Additionally, many heteroplasmies, including the inherited ones,
seem to be tissue specific.34 Ideally, mtDNA variation should be examined
in relevant tissue, but the type of tissue or cell that would be relevant in
migraine is not clear. To capture low-level heteroplasmy, sensitive
sequencing methods are needed.35

While we examined both common and rare variants, sequencing would
also be required for a complete coverage of rare variants, including those
not present in the imputation reference panels. Furthermore, other forms
of genetic variation, such as epigenetic changes or copy number variation,
remain to be examined. Lastly, we have performed our analyses in samples
of European ancestry only, and our findings can not necessarily be transferred
to other populations.

Conclusion

In this first mitochondrial-wide association study of migraine, we did not
find association to any mitochondrial variant, mitochondrial haplogroup or
variant in NEMP. Despite observational epidemiological studies supporting
a role of mitochondrial genetic variation in migraine, our large study did
not confirm this. Still, a larger sample will be needed to detect rare
variants. Future studies should also examine heteroplasmic variation,
epigenetic changes and copy-number variation.
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Key findings

• No variants in mitochondrial DNA mitochondrial haplogroups were
found to be associated with migraine

• No variants in nuclear genes encoding mitochondrial proteins were
found to be associated with migraine

• Mitochondrial variation not covered by this study remain to be
examined, including rare and heteroplasmic variants, epigenetic
changes and copy-number variation.
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