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Dating pregnancy accurately begins with establishing the estimated date of con�inement on 
the basis of information about the last menstrual period. The most commonly used clinical 
tool for assessing growth of the pregnancy is serial measurement of uterine fundal height in 
centimeters, from the symphysis pubis across the uterus to the top of the fundus.(1) 

Fetal growth

Normal	fetal	growth	takes	nine	months,	or	40	weeks,	or	280	days	from	the	last	menstrual	
period.	 During	 pregnancy,	 a	 fetus	 develops	 from	 a	 single	 cell	 into	 an	 unborn	 infant	
with	a	variety	of	complex	structures	and	functions.	Growth	does	not	occur	linearly,	but	
proceeds	at	a	different	pace	in	different	phases.	

growth	 / /: 1) The process of increasing in size. 2) The process of developing 
physically, mentally, or spiritually. 3) The process of increasing in amount, value, or 
importance. (Oxford English Dictionary)

Fetal	 growth	 restriction	 (FGR)	 refers	 to	 a	 condition	 of	 inadequate	 quantitative	
development	of	the	fetus.	Often,	growth	does	occur,	but	it	is	less	than	expected.	In	other	
de�initions	of	FGR,	fetal	weight	or	fetal	size	is	compared	to	population	reference	curves.	
Commonly	used	cut-offs	are	a	weight	below	the	10th,	5th,	or	3rd	percentile,	or	minus	2	
standard	deviations.	FGR	can	also	be	de�ined	as	de�lecting	fetal	growth,	regardless	of	
the	percentile.	It	is	still	under	debate	which	cut-off	should	be	used	and	which	is	best	
suited	for	clinical	use.
	 Being	 too	 small	 in	 utero	 can	 have	 several	 causes:	 congenital	 and/or	 syndromic	
abnormalities,	 fetal	 infection,	 placental	 disease,	 or	 being	 constitutionally	 small.	
Congenital	 and/or	 syndromic	 abnormalities	 and	 fetal	 infection	 are	 easily	 detected	
and	they	have	their	own	pathophysiological	mechanisms.	Therefore	they	are	excluded	
from	the	de�inition	of	FGR,	 leaving	placental	disease	and	being	constitutionally	small	
as	 the	 causes	of	 an	estimated	 fetal	weight	 (EFW)	below	 the	10th	percentile.	Doppler	
abnormalities	of	the	fetal	and	maternal	vessels	often	detect	placental	disease,	but	not	
in	all	cases.	It	is	of	great	clinical	importance,	however,	to	distinguish	between	placental	
disease	and	being	constitutionally	small.	FGR	due	to	a	lack	of	nutrients	and	oxygen,	i.e.	
placental	disease,	 results	 in	an	 increased	risk	of	perinatal	mortality	and	widespread	
morbidity.(2)	However,	new	evidence	suggests	that	seemingly	healthy,	constitutionally	
small	fetuses	also	have	an	increased	risk	of	abnormal	outcome.(3,4)
	 Long-term	morbidity	due	to	low	birth	weight	was	�irst	studied	in	1989	by	Barker	et	
al.(5)	They	found	that	males	with	a	birth	weight	of	5.5	pounds,	approximately	2.5	kg,	
or	less,	had	the	highest	standard	mortality	ratios	for	ischemic	heart	disease	in	later	life.	
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Apparently,	cardiovascular	remodeling	occurs	in	small	fetuses	and	has	its	effect	at	least	
until	adulthood.	FGR	is	also	known	for	its	short-term	consequences.	FGR	can	result	in	
perinatal	death	and	gives	an	increased	risk	of	neonatal	morbidity,	such	as	necrotizing	
enterocolitis	 (NEC),	 respiratory	 distress	 syndrome	 (RDS),	 intracranial	 hemorrhage,	
sepsis,	and	asphyxia,	see	also	Figure	1.(2,6,7)	In	order	to	reduce	these	mortality	and	
morbidity	rates,	it	is	crucial	to	detect	FGR,	and	its	underlying	cause,	early.	Subsequently,	
suitable	monitoring	and	intervention	can	be	implemented.

Figure 1. Morbidity and mortality in 1560 small-for-gestational-age fetuses. 
From Manning FA, ed. Fetal Medicine: Principles and practice. Norwalk, CT: Appleton and Lange; 1195.

Monitoring of fetal growth

During	the	past	decades,	ultrasound	has	been	incorporated	into	antenatal	surveillance.	
In	 1967,	 ultrasound	 was	 �irst	 applied	 in	 obstetrics	 to	 estimate	 fetal	 maturity,	 fetal	
position,	and	intrauterine	fetal	death.(8)	Soon	it	became	an	essential	tool	for	monitoring	
fetal	growth,	since	fundal	height	measurement	is	unreliable	up	to	one	third	of	the	time.	
Nowadays,	ultrasound	is	used	to	determine	gestational	age	by	measuring	the	crown-
rump	length,	and	it	proves	to	be	more	accurate	than	using	the	last	menstrual	period.	
Therefore,	 it	reduces	the	 incidence	of	post	term	pregnancies	as	well	as	 false-positive	
diagnoses	of	FGR.(1)
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	 Later	in	pregnancy,	ultrasound	is	used	to	establish	the	EFW	by	applying	a	formula;	the	
most	commonly	used	one	being	Hadlock’s	formula.(9)	This	formula	uses	measurements	
of	the	head	circumference,	abdominal	circumference,	and	femur	length	to	calculate	EFW.	
Growth	assessment	throughout	pregnancy	is	better	achieved	by	repeated	biometrical	
measurements,	 i.e.	 at	 least	once	every	 ten	days,	 in	order	 to	minimize	measurements	
errors.
	 Once	 FGR	 has	 been	 established,	 additional	 ultrasound	 measurements	 should	 be	
performed.	 An	 important	 non-invasive	 technique	 is	 Doppler	 ultrasound.	 It	 uses	 the	
principle	of	the	Doppler	effect	to	measure	blood	�low.	Moving	red	blood	cells	re�lect	the	
ultrasound	beam,	and	cause	a	frequency	shift	in	the	re�lected	signal,	which	is	detected	
by	the	ultrasound	receiver	and	produces	a	sonogram	continuous	with	time.(10)	Next,	
the	pulsatility	index	(PI)	can	be	calculated	as	(peak	systolic	height	–	minimum	diastolic	
height)	/	mean	waveform	height.(11)	It	represents	the	level	of	vascular	resistance	and	
is,	therefore,	used	in	FGR	as	an	indicator	of	placental	function.	Wladimiroff	et	al	were	
the	�irst	to	apply	Doppler	ultrasound	of	the	umbilical	artery	(UA)	in	FGR.(12)	Thereafter,	
Doppler	 ultrasound	was	 used	 to	measure	 the	middle	 cerebral	 artery	 (MCA),	 ductus	
venosus	(DV),	and	maternal	uterine	arteries	(UtA).(13-15)
	 Another	method	 to	monitor	 the	 growth	 restricted	 fetus	 is	 the	 biophysical	 pro�ile	
score	described	for	the	�irst	time	by	Manning	et	al.(16)	It	incorporates	fetal	movement,	
fetal	tone,	fetal	breathing,	amniotic	�luid	index,	and	fetal	heart	rate	into	a	score	re�lecting	
fetal	wellbeing.	Fetal	heart	rate	is	monitored	electronically	with	cardiotocography.	The	
biophysical	pro�ile	never	gained	popularity	in	Europe.

Circulation and FGR 

The	fetal	heart	starts	functioning	around	the	fourth	week	of	gestation	and	its	formation	
is	completed	within	the	next	two	weeks.	The	heart	pumps	oxygen-depleted	blood	to	the	
placenta	through	the	UA,	where	it	becomes	highly	oxygenated	and	passes	through	the	
umbilical	vein	and	DV	back	to	the	fetal	heart.(17)	In	case	of	FGR,	hemodynamic	adaptation	
may	occur	whereby	the	fetus	preferentially	diverts	its	cardiac	output	to	its	vital	organs.
(17)	Since	the	heart	is	the	most	important	organ	in	fetal	circulation,	it	is	most	affected	
by	hemodynamic	changes,	as	proven	by	the	increased	risk	of	cardiovascular	disease	in	
adulthood	after	 low	birth	weight.(5)	Therefore,	 it	 is	of	great	 importance	 to	establish	
fetal	 cardiac	 functioning	 and	 changes	 therein	due	 to	FGR.	The	most	 commonly	used	
method	to	do	so	 is	by	means	of	cardiac	 longitudinal	annular	displacement	(LAD),	an	
easy	and	reproducible	method	that	measures	myocardial	motion.(18)	In	severe,	early-
onset	FGR,	LAD	was	found	to	be	decreased	in	comparison	to	controls.(19)	However,	its	
application	to	less	severe	FGR	has	not	yet	been	investigated.
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	 Hemodynamic	 adaptations	 in	 FGR	 can	 be	 monitored	 non-invasively	 by	 Doppler	
ultrasound.	Redistribution	of	fetal	blood	�low	occurs	in	more	advanced	stages	of	FGR,	
and	 is	expressed	as	a	 raised	PI	of	 the	UA	and	DV.	Since	 the	brain	 is	one	of	 the	most	
important	organs	 requiring	oxygen	and	nutrients,	 cerebral	 vessels	dilate	 in	order	 to	
preserve	cerebral	blood	�low.	This	is	demonstrated	by	a	decreased	PI	(lower	resistance)	
of	the	MCA	or	decreased	cerebroplacental	ratio	(CPR),	an	adaptive	mechanism	known	
as	brain	sparing.(3,20)	
	 In	case	of	FGR,	it	is	unknown	whether	fetal	circulatory	redistribution	continues	after	
birth	or	not.	Previous	studies	reported	a	lack	of	increase	in	left	ventricular	output	in	
FGR	infants	during	the	�irst	days	after	birth,	as	measured	with	echocardiography.(21)	
Therefore,	FGR	infants	seem	to	fall	short	in	adapting	their	circulation	to	the	postnatal	
situation.	However,	 these	 �indings	have	never	been	compared	with	prenatal	Doppler	
measurements.
	 A	non-invasive	method	to	study	neonatal	hemodynamics	is	multisite	near-infrared	
spectroscopy	(NIRS),	a	 light-based	 technology	used	 to	measure	 tissue	oxygen	status.
(22,23)	NIRS	 is	generally	believed	 to	be	a	valuable	 tool	 for	monitoring	 trends	 in	 the	
individual	 patient.	 Moreover,	 it	 is	 a	 useful	 tool	 for	 comparing	 different	 groups	 of	
infants	 exposed	 to	 a	 variety	 of	 risk	 factors.(24)	 By	 means	 of	 NIRS,	 regional	 tissue	
oxygen	saturation	(rSO2),	which	re�lects	the	venous-weighted	oxygen	saturation	of	the	
underlying	tissue,	can	be	measured.	Fractional	tissue	oxygen	extraction	(FTOE)	re�lects	
the	balance	between	tissue	oxygen	supply	and	consumption,	and	can	be	calculated	as	
(arterial	oxygen	saturation	–	rSO2)	/	arterial	oxygen	saturation.	As	FTOE	is	in�luenced	
by	 tissue	oxygenation	and	tissue	oxygen	demand,	 it	could	be	used	as	an	 indicator	of	
tissue	perfusion.	When	NIRS	measurements	are	applied	to	multiple	sites,	a	ratio	can	be	
calculated	of	cerebral	to	abdominal	tissue	oxygen	status.	Herewith,	neonatal	circulatory	
distribution	can	be	determined	and	this	enables	us	to	estimate	whether	or	not	brain	
sparing	persists	after	birth.		

Neurodevelopment and FGR 

FGR	not	only	affects	general	growth	and	circulation,	it	also	in�luences	brain	development.	
Brain	volumes	of	both	severe	and	non-severe	FGR	fetuses	were	found	to	be	reduced,	as	
measured	with	three-dimensional	ultrasound	and	fetal	MRI.(25-27)	Previously,	brain	
sparing	was	thought	to	be	a	protective	mechanism,	but	growing	evidence	suggests	 it	
might	be	an	expression	of	circulatory	failure.(4)	Figueras	et	al	con�irm	this	suggestion.	
They	found	that	brain	sparing	is	associated	with	neurobehavioral	impairment	around	
the	due	date	in	preterm	FGR	newborns.(3)	Furthermore,	neonatal	MRIs	in	FGR	infants	
who	experienced	brain	sparing	reveal	reduced	myelination.(28)	Apparently,	therefore,	
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not	only	is	postnatal	growth	affected	by	FGR,	but	neurodevelopment	as	well.	What	the	
underlying	pathophysiological	mechanisms	are	regarding	neurological	development	in	
these	infants	is	still	under	debate,	as	is	the	question	how	neurodevelopment	corresponds	
with	prenatal	Doppler	measurements.
	 Qualitative	assessment	of	general	movements	(GMs)	is	a	suitable	method	to	follow	
the	neurological	outcome	of	infants	from	newly	born	until	several	months	of	age.(29-
31)	 GMs	 are	 part	 of	 an	 infant’s	 spontaneous	movement	 repertoire	 and	 are	 present	
from	 the	 early	 fetal	 period	onwards	until	 the	 end	of	 the	 �irst	 half	 a	 year	 after	birth.
(32)	GMs	are	gross	movements	 involving	 the	whole	body.	They	may	 last	 from	a	 few	
seconds	to	several	minutes.	The	characteristic	aspect	of	GMs	in	healthy	infants	is	their	
�luent	and	elegant	character	and	the	complex	and	variable	sequence	of	arm,	leg,	neck,	
and	trunk	movements.	The	intensity,	force,	and	speed	of	the	movements	are	variable.
(33)	If	the	nervous	system	is	impaired	the	quality	of	the	GMs	changes.	The	quality	of	
the	so-called	�idgety	general	movements	(FMs),	present	between	9	and	20	weeks	post	
term	and	de�ined	as	continuous	small	movements	of	moderate	speed	in	all	directions,	
is	a	particularly	accurate	marker	 for	neurological	outcome.	Most	 infants	 (96%)	with	
normal	 FMs	 have	 normal	 neurological	 outcome,	while	most	 infants	 (95%)	 in	whom	
FMs	are	absent	during	this	particular	age	span	develop	cerebral	palsy.(29)	Recently,	it	
was	reported	that	detailed	aspects	of	the	GMs,	as	re�lected	in	a	motor	optimality	score	
(MOS),	also	have	predictive	value	for	mild	motor	abnormalities	later	in	life.(34)	
	 The	neurological	developmental	course	of	FGR	children	can	also	be	followed	up	until	
later	in	childhood,	i.e.	school	age.	In	a	previous	study,	children	born	after	late-onset	FGR	
were	shown	to	have	a	lower	intelligent	quotient	and	experienced	neuropsychological	
dif�iculties	more	frequently	at	the	age	of	nine	years.(35)	This	�inding,	however,	applies	
to	children	born	at	a	mean	gestational	age	of	37	weeks.	The	question	arose	how	these	
�indings	apply	to	separate	groups	of	gestational	age,	such	as	very	preterm-born	versus	
moderately	preterm-born	and	 full	 term	children.	Furthermore,	assessing	 intelligence	
quotients	is	not	the	only	re�lection	of	children’s	performance.	Other	functions	make	a	
major	contribution	to	determine	the	ability	to	perform	everyday	tasks,	such	as	attention,	
memory,	 executive	 functioning,	 behavior,	 and	 motor	 skills.(36)	 We	 felt	 the	 need,	
therefore,	for	an	extensive	follow-up	at	school	age	to	establish	long-term	consequences	
of	FGR.
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Aim of this thesis 

FGR	 can	 be	 a	 high-risk	 condition	 for	 the	 fetus	 with	 long-term	 sequelae	 extending	
into	 adulthood,	 and	 even	 beyond	 to	 one’s	 offspring.	 Therefore,	 we	 recommend	 a	
multidisciplinary	 approach	 to	 FGR,	 both	 in	 clinical	 management	 and	 research.	 This	
thesis	focuses	on	the	course	of	FGR	from	the	prenatal	period	until	school	age	(Figure	2).	
The	�irst	aim	was	to	study	fetal	cardiac	function	in	FGR.	The	second	aim	was	to	compare	
prenatal	Doppler	�low	patterns	with	early	and	late	neonatal	circulation	and	neurological	
outcome.	The	third	aim	addressed	in	this	thesis	was	to	establish	functional	outcome	at	
school	age	of	FGR	children	born	very	preterm	and	moderately	preterm	to	full	term.	

Figure 2. Overview of the thesis.
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Outline

Part I. Cardiac function in FGR
In	 Chapter	 2,	 we	 present	 a	 comparison	 of	 online	 M-mode	 ultrasound	 with	 of�line	
spatiotemporal	 image	 correlation	 (STIC)	 M-mode	 for	 the	 assessment	 of	 cardiac	
longitudinal	annular	displacement	(LAD)	in	FGR	and	controls.

Part II. Prenatal predictors of neonatal outcome in FGR
In	Chapter	3,	we	describe	 the	 association	between	 fetal	Doppler	measurements	 and	
neonatal	circulation,	measured	with	near-infrared	spectroscopy	(NIRS).	In	Chapter	4,	
we	report	on	the	same	study	group	as	in	Chapter	3,	focusing	on	the	association	between	
fetal	 Doppler	 measurements	 and	 infants’	 neurological	 development	 assessed	 with	
general	movements	(GMs).	

Part III. Follow-up at school age after FGR
Part	 III	 focuses	 on	 the	 long-term	 functional	 consequences	 of	 FGR.	 Chapter	 5	 is	 an	
outline	 of	 neuropsychological	 outcome	 at	 the	 age	 of	 eight	 years	 of	 children	 born	
very	preterm	and	 small	 for	 gestational	 age.	 In	Chapter	6,	we	 elaborate	 on	 the	 same	
outcome	measures,	now	studied	in	children	born	moderate	preterm	or	full	term,	and	
small	 for	 gestational	 age.	 In	 both	 studies,	 follow-up	 consisted	 of	 a	 series	 of	 tests	 in	
order	to	determine	intelligence,	attention,	memory,	visuomotor	integration,	executive	
functioning,	behavior,	and	motor	skills.

The	 thesis	 is	 concluded	with	 a	 general	 discussion	 that	 integrates	 the	 results	 of	 the	
studies	included	in	the	separate	parts.	We	discuss	the	implications	of	our	�indings	by	
providing	future	perspectives	for	clinical	practice	and	research.
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