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1

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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Abstract

Objectives
Our	 �irst	 aim	 was	 to	 compare	 online	 M-mode	 with	 of�line	 spatiotemporal	 image	
correlation	(STIC)	M-mode	 for	assessing	 longitudinal	annular	displacement	(LAD)	 in	
growth	restricted	fetuses	(FGR).	Our	second	aim	was	to	compare	LAD	measures	of	FGR	
cases	with	controls.

Methods
Prospective	 study	 including	 40	 FGR	 cases	 (de�ined	 estimated	 fetal	weight	 and	 birth	
weight	<10th	centile)	and	72	normally	grown	fetuses	paired	with	cases	by	gestational	
age	at	scan.	LAD	was	measured	with	online	M-mode	and	of�line	STIC	M-mode	at	the	left	
and	right	ventricular	free	walls	and	septum	in	all	fetuses.	

Results
FGR	cases	had	a	signi�icant	decrease	in	LAD	by	STIC	in	all	sites	(e.g.	right	LAD	in	FGR	
mean	6.7	mm	 (SD	1.2)	 vs	 controls	 7.2	mm	 (1.2),	 P=0.033)	 as	 compared	 to	 controls.	
There	was	a	non-signi�icant	trend	for	lower	values	in	FGR	when	using	online	M-mode	
(e.g.	right	LAD	in	FGR	6.9	mm	(1.5)	vs	controls	7.4	mm	(1.5),	P=0.084).	

Conclusion
STIC	M-mode	seems	a	better	method	than	online	M-mode	for	detecting	subtle	changes	
in	myocardial	motion.	STIC	presents	more	precise	results	and	allows	an	ideal	placement	
of	 the	 M-mode	 arrow.	 These	 results	 con�irm	 previous	 data	 suggesting	 decreased	
longitudinal	motion	in	FGR.	
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Introduction

Evaluation	 of	 cardiac	 function	 is	 increasingly	 used	 for	 the	 characterization	 and	
understanding	 of	 fetal	 diseases.	 Fetal	 cardiac	 function	 assessment	 is	 technically	
challenging,	 and	 the	 development	 of	 reproducible	 methods	 is	 critical	 to	 allow	
comparability	 among	 studies.	 Longitudinal	 annular	 displacement	 (LAD)	 is	 the	most	
commonly	used	parameter,	because	it	is	an	easy	and	reproducible	method	to	measure	
myocardial	motion.(1-10)	LAD	is	normally	evaluated	by	online	motion	mode	(M-mode)	
at	the	free	ventricular	walls	and	the	interventricular	septum.	However,	online	M-mode	
has	a	 few	disadvantages.	A	main	 limitation	of	M-mode	is	 the	dif�iculty	of	obtaining	a	
perfect	aligment	of	the	M-mode	line	with	the	ventricular	walls	at	an	angle	close	to	0°,	
particularly	in	the	left	free	wall.	This	might	introduce	some	bias	in	the	detection	of	mild	
changes	in	ventricular	motion,	both	in	prenatal	and	postnatal	evaluations.	In	addition,	
obtaining	a	perfect	4-chamber	view,	 i.e,	with	similarly	sized	 left/right	chambers	and	
atrioventricular	valves,	for	measuring	LAD	in	the	optimal	position	is	often	challenging.
	 Spatiotemporal	 image	 correlation	 (STIC)	 provides	 an	 of�line	 method	 for	 four-
dimensional	(4D)	analysis	of	the	fetal	heart.(11-13)	STIC	would	allow	to	measure	LAD	
at	the	angle	of	choice	and	also	to	rotate	the	volume	for	obtaining	an	optimal	4-chamber	
view.	 In	 this	study,	we	hypothesized	 that	LAD	measured	with	STIC	could	be	a	better	
method	to	detect	differences	in	fetal	diseases	as	compared	to	online	M-mode.	To	test	
this	hypothesis,	we	used	fetal	growth	restriction	(FGR)	as	disease	model.	In	FGR,	the	
heart	is	a	central	organ	in	the	adaptive	mechanisms	to	placental	insuf�iciency	(14,15)		
displaying	profound	structural	and	functional	changes	prenatally,(16)	which	persist	into	
childhood.(17,18)	Brie�ly,	FGR	is	associated	with	cardiac	remodeling	to	more	globular	
hearts,	 with	 impaired	 relaxation	 and	 decreased	 longitudinal	 myocardial	 motion	 as	
measured	by	online	M-mode.(19,20)
	 Our	�irst	aim	was	to	perform	a	prospective	study	to	compare	LAD	measures	using	
online	 conventional	 M-mode	 versus	 of�line	 STIC	 M-mode	 in	 40	 FGR	 cases	 and	 72	
normally	grown	fetuses.	Our	second	aim	was	to	compare	LAD	measures	of	FGR	cases	
with	controls.

Methods

Study design and population
The	study	design	was	a	prospective	cohort	study	including	40	case	subjects	with	FGR	
and	72	control	subjects.	The	source	population	consisted	of	women	with	a	singleton	
pregnancy	attending	the	Department	of	Maternal-Fetal	Medicine	at	Hospital	Clinic	 in	
Barcelona	from	January	2013	to	October	2014.	FGR	was	de�ined	by	both	estimated	fetal	
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weight	(EFW)	below	the	10th	centile	and	birth	weight	below	the	10th	centile,	according	
to	local	standards.(21)	Clinical	follow-up	of	FGR	cases	followed	the	stage-based	protocol	
for	managing	FGR.(22)	Controls	were	selected	among	low-risk	pregnancies	with	EFW	
and	birth	weight	above	the	10th	centile	and	paired	with	cases	by	gestational	age	at	scan	
(±1	week).	 Gestational	 age	 at	 scan	was	 calculated	 based	 on	 the	 crown-rump	 length	
obtained	at	�irst	trimester	scan.	Structural/chromosomal	abnormalities	or	cases	with	
evidence	of	fetal	infection	were	excluded.	The	study	protocol	was	approved	by	the	local	
ethics	committee	and	all	patients	provided	informed	consent.
	 All	 women	 underwent	 ultrasound	 examination	 using	 a	 Voluson	 E8	 (GE	 Medical	
Systems,	Milwaukee,	WI,	USA)	 that	 included	estimation	of	 fetal	weight	and	 standard	
feto-placental	Doppler	 evaluation	 in	 cases.	 At	 delivery,	 gestational	 age,	 birth	weight,	
birth	 weight	 centile,	 mode	 of	 delivery,	 Apgar	 scores,	 presence	 of	 preeclampsia	 and	
admission	to	the	neonatal	intensive	care	unit	were	recorded.

                    
Figure 1. Results on left, right, and septal longitudinal annular displacement using online and STIC M-mode 
comparing FGR cases and controls. Data are mean and SD.
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Assessment of longitudinal annular displacement
LAD	was	assessed	in	all	cases	and	controls	with	both	methods	(online	and	of�line	STIC)	
from	either	an	apical	or	basal	four-chamber	view.	For	the	online	M-mode,	insonation	
by	 the	 ultrasound	 beam	was	 kept	 at	 an	 angle	 of	 <30	 degrees	 to	 the	 orientation	 of	
the	 ventricular	 wall,	 with	 no	 angle	 correction	 applied.	 For	 measuring	 the	 extent	
of	 displacement	 between	 end-systole	 and	 end-diastole	 (as	 measured	 in	 mm),	 the	
maximum	amplitude	of	motion	was	taken	at	the	free	wall	of	the	left	ventricle	(mitral),	
right	ventricle	(tricuspid),	and	interventricular	septum.	
	 STIC	volumes	were	acquired	 in	all	 fetuses	at	 the	same	time	as	 the	online	M-mode	
measurement	as	previously	described.(11)	The	acquisition	time	and	angle	used	were	
10	seconds,	and	25	to	35	degrees,	respectively,	depending	on	the	gestational	age	and	
the	distance	of	the	fetus	from	the	transducer,	preferably	in	an	apical	4	chamber	view,	
avoiding	maternal	and	fetal	movements.	

	 	 	 Control	 	 	 	 	 FGR
							Online	 	 		STIC	 	 									Online	 	 						STIC

						
Figure 2. Examples of left (superior), right (middle) and septal (inferior) longitudinal annular displacement  
measurements using online and STIC M-mode in a normally grown fetus (control) and case of fetal growth 
restriction (FGR).
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STIC	M-mode	analysis	was	blindly	performed	by	one	experienced	investigator.	Of�line,	the	
operator	adjusted	the	STIC	volume	by	scrolling	through	the	volume	slices	and	adjusting	
X,	Y,	Z	axis,	and	contrast.	LAD	was	measured	in	the	same	way	as	online,	except	for	the	
angle	of	insonation.	Due	to	the	possibility	of	placing	the	M-mode	arrow	as	preferred,	
the	insonation	angle	was	always	parallel	to	the	interventricular	septum	or	the	lateral	
walls.6	In	order	to	optimize	the	measuring	conditions,	the	speed	was	adjusted	to	see	
three	to	�ive	cardiac	cycles	and	the	Y-axis	was	maximized.	On	the	thus	obtained	M-mode	
images,	the	maximum	distance	of	the	resulting	waveform	was	measured	(Figure	2).	In	
the	4	chamber	view,	we	also	measured	cardiac	size	as	cardiac	long	axis	from	apex	to	
base.

Statistical analysis
Data	 were	 analyzed	 using	 IBM	 SPSS	 Statistics	 19	 (IBM	 Corporation,	 Armonk,	 NY).	
Comparison	between	study	groups	was	performed	by	Student	T	test	for	independent	
samples	and	the	chi-square	test	where	appropriate.	P<0.05	was	considered	statistically	
signi�icant.	In	order	to	adjust	for	cardiac	size,	a	subanalysis	including	40	FGR	cases	and	
40	controls	paired	by	cardiac	long	axis	dimension	was	also	performed	(Supplemental	
data).

Results

Study populations
Characteristics	of	the	study	populations	are	shown	in	Table	1.	Baseline	characteristics	
were	similar	in	cases	and	controls	regarding	maternal	data,	gestational	age	at	ultrasound,	
gender,	umbilical	artery	and	vein	pH,	and	preeclampsia	and	cesarean	section	rate.	
	 As	expected,	FGR	cases	showed	a	 lower	estimated	fetal	weight,	birth	weight,	birth	
weight	centile,	gestational	age	at	birth	and	Apgar	score.	In	FGR	cases,	27%	had	abnormal	
Doppler	PI	values	(above	95th	centile)	of	the	mean	uterine	artery,	7%	abnormal	umbilical	
artery,	2%	abnormal	(below	5th	centile)	middle	cerebral	artery,	2%	abnormal	ductus	
venosus,	2%	abnormal	aortic	 isthmus.	Gestational	age	range	at	ultrasound	was	25.0-
40.2	with	a	mean	of	32.9	weeks.	
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Table 1. Baseline characteristics and perinatal outcome in the study populations

Characteristics Controls
N = 72

FGR
N = 40

P

Maternal	data

Maternal	age	(years) 33	±	5 32	±	6 0.586

Caucasian	(%) 74 72 0.778

Smokers	(%) 11 13 0.826

Fetoplacental	US

GA	at	US	(weeks) 32.9±3.0 32.8±3.7 0.901

EFW	(g) 2124±568 1605±548 <0.001

Pregnancy	outcomes

Preeclampsia	(%) 2 8 0.104

GA	at	delivery	(weeks) 40.0	±	1.2 37.4	±	3.4 <0.001

Birth	weight	(g) 3466	±	390 2253	±	573 <0.001

Birth	weight	centile 56	±	27 3	±	3 <0.001

Cesarean	Section	(%) 23 37 0.147

Gender	(male)	(%) 54 53 0.865

1	minute	Apgar	score 8.9	±	0.7 8.2	±	2.1 0.048

5	minutes	Apgar	score 9.9	±	0.4 9.2	±	1.9 0.008

UA	pH 7.23	±	0.08 7.25	±	0.09 0.297

UV	pH 7.33	±	0.07 7.31	±	0.08 0.081

Neonatal	resuscitation	(%) 3 17 0.019

NICU	admission	(%) 5 22 0.017

Data are given as mean  SD or %. FGR fetal growth restriction, GA gestational age, US ultrasound, EFW 
estimated fetal weight, NICU neonatal intensive care unit.

Results on longitudinal annular displacement
Results	on	left,	right	and	septal	LAD	by	online	and	STIC	M-mode	are	shown	in	Table	2	
and	Figure	1.	Our	�irst	aim	was	to	compare	online	and	STIC	M-mode.	There	was	a	non-
signi�icant	trend	for	lower	online	M-mode	LAD	values	in	FGR	as	compared	to	controls.	
When	 paired	 by	 cardiac	 long	 axis	 dimension	we	 found	 a	 signi�icant	 decrease	 in	 left	
LAD	values	by	STIC	and	a	non-signi�icant	 trend	 to	 lower	values	 in	all	 the	other	LAD	
measurements	(Table	1s	Supplemental	data).	Our	second	aim	was	to	compare	LAD	in	
FGR	cases	with	controls.	LAD	values	by	STIC	were	signi�icantly	decreased	in	the	FGR	
group	as	compared	to	controls.
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Table 2. Results on longitudinal annular displacement using online and offl  ine STIC M-mode in the study 
populations

Longitudinal annular 
displacement

Controls
N = 72

FGR
N = 40

P-value

Online

Left	LAD 5.1	±	1.0 4.8	±	1.1 0.170

Right	LAD 7.4	±	1.5 6.9	±	1.5 0.084

Septal	LAD 3.6	±	1.0 3.2	±	0.7 0.206

Of�line	STIC

Left	LAD 5.2	±	1.0 4.8	±	0.9 0.019

Right	LAD 7.2	±	1.2 6.7	±	1.2 0.033

Septal	LAD 3.7	±	0.8 3.3	±	0.8 0.006

Data are given as mean	 	SD. LAD longitudinal annular displacement given in mm, FGR fetal growth restriction, 
GA gestational age at ultrasound, STIC spatiotemporal image correlation

Discussion 

This	study	indicates	that	STIC	M-mode	might	be	a	better	method	than	online	M-mode	
for	detecting	subtle	changes	in	myocardial	motion.	STIC	presents	more	precise	results	
and	allows	an	ideal	placement	of	the	M-mode	arrow.	It	further	con�irms	previous	data	
suggesting	decreased	LAD	in	FGR	cases.
	 In	this	study,	we	assessed	LAD	with	both	online	M-mode	and	STIC	M-mode.	Conventional	
online	M-mode	showed	no	signi�icant	differences	between	FGR	and	controls,	whereas	
with	STIC	M-mode	left,	right,	and	septal	LAD	were	signi�icantly	lower	in	the	FGR	group.	
Online	M-mode	offers	the	possibility	of	measuring	LAD	quickly	during	the	ultrasound	
assessment.	However,	due	to	fetal	movement	and	position,	the	sonographer	may	often	
have	dif�iculties	with	obtaining	well-aligned	images	to	measure	LAD	at	an	insonation	
angle	of	zero	degrees.	Therefore	the	displacement	may	not	be	measured	at	its	maximum	
and	with	higher	variability	so	that	differences	between	FGR	and	controls	appear	less	
prominent,	even	with	the	insonation	angle	kept	<30°.	This	disadvantage	is	minimized	
when	LAD	is	measured	using	STIC.	The	of�line	software	provides	the	possibility	to	place	
the	M-mode	cursor	at	any	preferred	position,	always	providing	an	insonation	angle	of	
zero	degrees	and	therefore	a	more	precise	measure	of	LAD.	This	is	in	line	with	previous	
�indings.	Germanakis	et	al.	demonstrated	higher	LAD	values	in	anatomic	M-mode	when	
compared	to	online	M-mode	in	healthy	fetuses,	suggesting	this	is	due	to	the	more	easily	
achieved	of�line	alignment	of	the	M-mode	cursor.3	Messing	et	al.	studied	right	LAD	in	
healthy	fetuses	with	STIC	and	online	M-mode,	and	showed	that	both	methods	produce	
similar	measures	but	STIC	had	a	greater	success	rate.6	Nevertheless,	the	disadvantage	
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of	STIC	M-mode	lies	in	the	time	it	takes	to	do	the	of�line	analysis	as	well	as	a	potentially	
lower	temporal	resolution.	 In	conclusion,	while	online	M-mode	 is	a	 faster	and	easier	
method	and	may	be	used	to	measure	LAD	in	more	severe	cases,	STIC	seems	to	be	more	
suitable	to	detect	subtle	differences	in	mild	FGR.	
	 We	 could	demonstrate	 a	 signi�icant	 reduction	of	 LAD	 in	 the	 left,	 right,	 and	 septal	
wall	 in	 FGR	 cases,	 which	 is	 consistent	 with	 previous	 data	 suggesting	 decreased	
longitudinal	motion	in	severe	early	growth	restricted	fetuses.(19)	We	have	previously	
demonstrated	 signi�icant	 lower	 LAD	measured	with	 online	M-mode	 in	 severe	 IUGR	
cases	born	before	a	gestational	age	of	34	weeks,	 thus	being	early-onset	and	with	an	
abnormal	 umbilical	 artery	 Doppler	 pulsatility	 index.(19)	 Therefore,	 that	 population	
contained	more	severe	FGR	cases	as	compared	to	the	present	study	(including	mainly	
late-onset	 cases	 with	 normal	 feto-placental	 Doppler).	 These	 group	 differences	 may	
explain	the	non-signi�icant	trend	in	online	M-mode	in	the	present	study.	The	present	
study	is	the	�irst	report	demonstrating	signi�icant	changes	in	LAD	in	non-severe	FGR	by	
using	STIC	M-mode.	Since	both	displacement	and	velocity	relate	to	longitudinal	motion,	
our	�indings	are	complementary	with	previous	studies	demonstrating	lower	E’	and	A’	
annular	peak	velocities	by	tissue	Doppler	in	late-onset	small-for-gestational	age	fetuses	
as	compared	to	controls.(19,23,24)	
	 We	acknowledge	that	this	study	has	several	strengths	and	limitations.	We	took	great	
care	 in	 data	 acquisition;	 online	M-mode	 and	 4D	 STIC	 loop	 acquisition	 took	 place	 in	
direct	consecutive	order.	One	experienced	investigator	performed	STIC	M-mode	of�line	
analysis,	blinded	 for	cases	or	controls.	Therefore,	unfortunately,	we	could	not	assess	
inter-observer	 variability.	 In	 addition,	we	 did	 not	 perform	 intra-observer	 variability.	
Another	limitation	is	that	our	sample	size	prevents	us	to	subdivide	FGR	cases	according	
to	Doppler	 �indings.	 Furthermore,	 our	 limited	 sample	 size	may	 partially	 explain	 the	
non-signi�icant	trend	in	the	online	M-mode	results.	Our	study	population	was	paired	by	
gestational	age	at	scan	in	order	to	adjust	for	maturational	changes	throughout	gestation	
in	cardiac	function	parameters.	However,	we	acknowledge	that	longitudinal	axis	motion	
is	also	strongly	related	to	cardiac	size.	In	order	to	adjust	for	that,	a	sub	analysis	including	
cases	 and	 controls	 paired	 by	 cardiac	 size	was	 also	 performed	 (Supplemental	 data),	
which	lead	to	similar	conclusions;	a	signi�icant	decrease	in	left	LAD	values	by	STIC	and	
also	a	non-signi�icant	trend	to	lower	values	in	all	the	other	LAD	measurements.	Future	
studies	 are	warranted	 to	 con�irm	our	 results	 and	 further	validate	 the	use	of	 STIC	M	
mode	in	the	detection	of	early	changes	in	cardiac	function.
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Conclusion 

These	 data	 support	 the	 hypothesis	 that	 STIC	 is	 feasible	 for	 the	 assessment	 of	 LAD	
in	utero	and	 it	could	 improve	conventional	online	M-mode	 in	 the	detection	of	subtle	
differences	 in	 cardiac	 dysfunction.	 Since	 reduced	 right	 LAD	has	 been	 proposed	 as	 a	
predictive	marker	 for	 postnatal	 hypertension	 and	 arterial	 remodeling	 in	 FGR,(25)	 it	
might	be	of	use	for	the	prenatal	detection	of	those	FGR	cases	at	higher	cardiovascular	
risk	and	that	might	bene�it	from	postnatal	interventions	in	order	to	potentially	improve	
their	future	cardiovascular	health.
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Supplemental data
Title:	Online	 versus	 of�line	 spatiotemporal	 image	 correlation	 (STIC)	M-mode	 for	 the	
evaluation	of	cardiac	longitudinal	annular	displacement	in	fetal	growth	restriction

Supplemental Results
Table	1s	shows	results	on	LAD	including	40	FGR	cases	and	controls	paired	longitudinal	
cardiac	diameter.	Left	LAD	measured	by	STIC	was	signi�icantly	decreased	in	FGR	cases	
as	compared	to	controls.	There	was	also	a	trend	for	lower	LAD	values	in	all	other	sites	
(by	online	and	of�line	STIC	M-mode)	in	FGR	cases	as	compared	to	controls.

Table 1s. Results on longitudinal annular displacement measured by online and STIC M-mode in FGR cases and 
controls paired by cardiac long axis

Longitudinal annular 
displacement 

Controls
N = 40

FGR
N = 40

P-value

Online

Left	LAD 5.0	±	1.1 4.8	±	1.1 0.550

Right	LAD 7.1	±	1.5 6.9	±	1.5 0.439

Septal	LAD 3.4	±	1.1 3.2	±	0.7 0.514

Of�line	STIC

Left	LAD 5.2	±	1.0 4.8	±	0.9 0.038

Right	LAD 7.1	±	1.0 6.7	±	1.2 0.144

Septal	LAD 3.6	±	0.7 3.3	±	0.8 0.095

Data are given as mean	 	SD. LAD longitudinal annular displacement given in mm, FGR fetal growth restriction, 
STIC spatiotemporal image correlation
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Abstract 

Objectives
To	investigate,	in	growth-restricted	fetuses,	whether	prenatal	Doppler	parameters	are	
correlated	with	neonatal	circulatory	changes.	

Methods
In	43	cases	of	suspected	FGR,	serial	Doppler	measurements	of	the	umbilical	artery	(UA)	
and	the	middle	cerebral	artery	(MCA)	were	performed	(last	measurement,	closest	to	
delivery:	<1	week	before	birth).	Neonatal	circulation	was	assessed	for	2	hours/day	on	
Days	1-5,	8,	 and	15	by	near-infrared	 spectroscopy	 (NIRS)	of	 the	 cerebral,	 renal,	 and	
splanchnic	 regions.	The	 following	ratios	were	calculated:	 cerebroplacental	 (CPR),	 i.e.	
MCA/UA,	 cerebrorenal	 (CRR),	 i.e.	 cerebral/renal	NIRS,	 and	 cerebrosplanchnic	 (CSR),	
i.e.	cerebral/splanchnic	NIRS.	Correlation	coef�icients	were	calculated	between	Doppler	
parameters	and	neonatal	NIRS.	These	analyses	were	carried	out	for	the	entire	group,	
and	separately	for	early	FGR	(cases	delivered	before	34	weeks’	GA)	and	late	FGR	(≥34	
weeks’	GA).	

Results
On	Days	1-3	postnatally,	 fetal	Doppler	parameters	 correlated	 strongly	with	neonatal	
NIRS:	UA	correlated	with	renal	NIRS	(Day	1:	rho	=	.454,	P <.01)	and	CRR	(Day	1:	rho	=	
-.517,	P<.001).	MCA	correlated	with	cerebral	NIRS	on	Days	2	and	3,	but	not	on	Day	1	
(Day	2:	rho=.469,	P<.01).	CPR	correlated	with	CRR	(Day	1:	rho	=.474,	P<.01).	In	early	
and	late	FGR	separately,	most	associations	lost	their	statistical	signi�icance.

Conclusion
Low	MCA	pulsatility	index	(PI)	and	low	CPR,	indicating	brain	sparing	before	birth,	are	
associated	with	low	CRR	after	birth,	indicating	relatively	greater	blood	volumes	to	the	
cerebrum	 than	 to	 the	 renal	 region.	Based	on	 the	 results	 from	 this	 study,	 it	 could	be	
speculated	that	if	brain	sparing	is	present	in	fetal	circulation,	it	persists	during	the	�irst	
three	days	after	birth.	
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Introduction 

The	circulation	of	growth-restricted	fetuses	adapts	to	diminished	availability	of	oxygen	
and	nutrients	in	such	a	way	as	to	spare	the	brain	-	a	mechanism	known	as	brain	sparing.
(1,2)	In	fetal	growth	restriction	(FGR),	it	is	under	debate	whether	brain	sparing	functions	
as	a	protective	mechanism,	or	whether	it	is	as	an	expression	of	circulatory	failure.(3,4)	
In	addition,	consequences	of	brain	sparing	might	be	different	between	early	FGR	and	
late	FGR.
	 Doppler	velocimetry	of	the	umbilical	artery	(UA)	and	of	the	middle	cerebral	artery	
(MCA)	 is	 a	 well-established,	 non-invasive,	 and	 reproducible	 method	 to	 measure	
fetoplacental	circulation.(2)	Abnormal	 �low	patterns	of	 the	UA	and	MCA	can	be	used	
as	an	indicator	of	the	severity	of	FGR	and	the	degree	of	fetal	hypoxemia.(5-8)	The	ratio	
between	the	cerebral	and	fetoplacental	circulation,	also	known	as	the	cerebroplacental	
ratio	(CPR),	i.e.	MCA/UA,	has	been	suggested	as	a	strong	predictor	of	fetal	outcome.(9-
13)	
	 Although	Doppler	adaptations	during	fetal	life	in	FGR	have	been	widely	studied,	little	
is	known	about	the	persistence	of	hemodynamic	adjustments	when,	after	birth,	chronic	
hypoxia	ceases.	Insight	into	circulatory	changes	of	the	growth	restricted	infant	may	aid	
neonatal	care.	
	 Near-infrared	 spectroscopy	 (NIRS),	 a	 light-based	 technology	 used	 to	measure	 the	
status	 of	 tissue	 oxygen,	 is	 a	 non-invasive	method	 to	 study	 neonatal	 hemodynamics.
(14-16)	NIRS	sensors	are	easily	applicable	and	do	not	disturb	the	vulnerable	neonate.	
Therefore,	 particularly	 in	 a	 neonatal	 intensive	 care	 setting,	 it	 is	 preferred	 over,	 for	
example,	 Doppler	 ultrasound.	 Previously,	 NIRS	was	 used	 solely	 to	measure	 cerebral	
perfusion.(17)	Lately,	multisite	NIRS	has	been	introduced.	It	provides	the	opportunity	
to	measure	not	only	the	cerebral,	but	renal	and	splanchnic	circulation	as	well	–	hence	the	
de�inition	multisite.(18-20)	Since	NIRS	measures	perfusion,	a	ratio	of	cerebral	to	renal	
and	cerebral	to	splanchnic	perfusion	can	be	calculated.(21)	These	ratios	may	represent	
neonatal	circulatory	distribution	and	are,	therefore,	a	possible	postnatal	equivalent	of	
the	fetal	Doppler	CPR.	
	 The	 aim	 of	 this	 study	was	 to	 investigate	whether	 in	 early	 and	 late	 FGR,	 Doppler	
velocimetry	 of	 the	 fetal	 circulation	 are	 associated	 with	 measurements	 of	 neonatal	
circulation.

Methods

A	 prospective	 observational	 cohort	 study	 was	 performed	 between	 June	 2012	 and	
September	 2014	 at	 the	 Department	 of	 Obstetrics	 and	 the	 Fetal	 Medicine	 Unit	 of	
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University	Medical	 Center	 Groningen	 (UMCG),	 in	 the	Netherlands.	 Exclusion	 criteria	
were	multiple	pregnancy,	structural	and/or	chromosomal	abnormalities,	or	evidence	
of	fetal	infection.	All	pregnancies	were	delivered	at	UMCG.	If	indicated,	neonates	were	
admitted	to	the	Neonatology	ward	of	the	same	hospital.	Data	on	obstetric,	birth,	and	
neonatal	characteristics	were	collected	 from	the	 two	departments.	Written	 informed	
parental	consent	was	obtained	in	all	cases.	The	study	was	approved	by	the	hospital’s	
Medical	Board	and	Medical	Research	Ethics	Committee.	
	 We	 de�ined	 FGR	 as	 fetal	 abdominal	 circumference	 or	 estimated	 fetal	weight	 (22)	
below	 the	 10th	 percentile,	 or	 de�lecting	 fetal	 growth	 of	 at	 least	 30	 percentiles	 with	
respect	 to	previous	measurements	 (reduced	growth	according	 to	 the	 fetus’	expected	
growth	potential).	On	average,	prior	to	maternal	admission,	fetal	Doppler	parameters	
were	measured	serially	once	a	week,	and	twice	a	week	for	the	duration	of	admission.	
We	 used	 the	measurement	 that	was	 closest	 to	 delivery,	with	 a	maximum	of	 1	week	
before	birth.	Measurements	included	PI	of	the	UA	and	MCA.	Care	was	taken	to	perform	
the	last	measurement	as	close	to	the	day	of	delivery	as	possible	and	never	at	an	interval	
of	more	than	one	week	to	delivery.	Left	and	right	maternal	uterine	artery	Dopplers	were	
measured	during	the	�irst	visit.	Two	experienced	operators	performed	all	the	Doppler	
measurements.	All	the	measurements	were	transformed	to	z	scores	(standard	deviation	
from	the	gestational	age	mean)	for	further	analysis.(23,24)	In	case	of	absent	end	diastolic	
�low	in	the	UA,	the	PI	was	calculated	by	manually	tracing	the	end	diastolic	velocity	along	the	
time	axis.	The	cerebroplacental	ratio	(CPR)	was	calculated	as	MCA	divided	by	UA.(9,11)	
	 For	postnatal	hemodynamic	measurements	we	used	the	INVOS	5100C	near-infrared	
spectrometer	 (Covidien,	 Mans�ield,	 MA,	 USA).	 NIRS	 is	 a	 non-invasive	 method	 to	
assess	 tissue	oxygen	delivery	and	consumption.	To	measure	NIRS,	we	used	neonatal	
SomaSensors	 (Covidien).	 The	 optical	 sensor	 measures	 the	 quantity	 of	 re�lected	
light	 photons	 as	 a	 function	 of	 two	 wavelengths	 (730	 and	 805	 nm)	 and	 determines	
the	 spectral	 absorption	 of	 the	 underlying	 tissue.	 As	 oxygenated	 and	 deoxygenated	
haemoglobin	 have	 distinct	 absorption	 spectra,	 NIRS	 can	 differentiate	 between	 the	
two.	The	ratio	of	oxygenated	haemoglobin	 to	 total	haemoglobin	re�lects	 the	regional	
tissue	oxygen	saturation	(rSO2)	of	the	underlying	tissue.(25-27)	When	transcutaneous	
arterial	oxygen	saturation	(spO2)	is	measured	simultaneously,	fractional	tissue	oxygen	
extraction	 (FTOE)	 can	 be	 calculated	 as	 FTOE	 =	 (spO2	-	 rSO2)/	 spO2.	 If	 tissue	 oxygen	
metabolism	is	constant,	FTOE	may	serve	as	an	indicator	of	tissue	perfusion.	More	blood	
�low	 to	a	 tissue	results	 in	a	 lower	FTOE,	whereas	 less	blood	 �low	results	 in	a	higher	
FTOE.	We	used	FTOE	as	a	measure	of	postnatal	tissue	perfusion.	We	then	calculated	the	
cerebrorenal	ratio	(CRR)	and	cerebrosplanchnic	ratio	(CSR)	as	cerebral	FTOE	divided	
by	 renal	 and	 splanchnic	FTOE,	 respectively.	NIRS	 sensors	were	placed	on	 the	 left	 or	
right	 frontoparietal	 side	of	 the	 infant’s	head	depending	on	 the	position	of	 the	 infant	
(cerebral),	on	the	left	lateral	posterior	�lank	(renal),	and	infraumbilical	on	the	central	
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abdomen	(splanchnic).	We	measured	rSO2	using	NIRS	during	a	2-hour	period	on	Days	1	
(within	18	hours	after	birth),	2,	3,	4,	5,	8,	and	15	after	birth.	

Statistical analyses
Mean	and	median	values	for	rSO2	and	FTOE	were	calculated	for	the	2-hour	recording	
period.	For	the	analyses	we	used	only	FTOE.	Spearman	rank	order	correlation	tests	were	
used	to	determine	correlations	between	Doppler	and	NIRS	parameters.	The	analyses	
were	repeated	for	the	early	FGR	group	(<	34	weeks’	GA)	and	the	late	FGR	group	(≥	34	
weeks’	GA).	Data	were	analysed	with	IBM	SPSS	Statistics	22	(IBM	Corp.,	Armonk,	NY,	
USA).	A	P	value	<	.05	was	considered	statistically	signi�icant.	

Results

Patient characteristics, Doppler measurements, and NIRS values
Characteristics	of	the	43	FGR	patients	included	in	the	study	are	reported	in	Table	1.	In	
Figure	1	we	show	the	distribution	of	z scores	of	mean	UtA,	UA,	MCA,	and	CPR	for	the	
entire,	early,	and	late	group.	In	Figure	2	we	present	the	percentage	of	abnormal	Doppler	
PI	scores	of	the	mean	of	the	left	and	right	uterine	artery	(UtA)	(>	95th	percentile),	UA	(>	
95th	percentile),	and	MCA	(<	5th	percentile)	for	the	entire,	early,	and	late	group.	In	seven	
out	of	43	cases	diastolic	�low	in	the	UA	was	absent,	and	reversed	in	one	case.	FTOE	of	the	
cerebral,	renal,	and	splanchnic	region	from	Day	1	to	15	in	early	and	late	FGR	are	shown	
in	Figures	3A,	B,	and	C.

Figure 1. Prenatal Doppler PI z scores of the left and right UtA, UA, and MCA and CPR in the FGR group, early, 
and late FGR
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Table 1. Patient characteristics

Early FGR Late FGR

Cases 20 23

Maternal	BMI	(kg/m2) 27.2	(19.1-34.7) 20.4	(17.7-36.0)

Caucasian	mother	 18	(90) 19	(83)

Caucasian	father 16	(84) 20	(87)

Antenatal	steroids	 19	(95) 2	(8)

Cesarean	section	 18	(90) 9	(39)

Preeclampsia	 6	(30) 1	(4)

HELLP	 3	(15) 0	(0)

(Stopped)	smoking*	 7	(35) 13	(57)

Gender	(male) 10	(50) 10	(44)

GA	at	scan 30	(25-32) 37	(33-39)

Days	between	Doppler	and	NIRS 2	(0-7) 2	(0-7)

GA	at	birth	(weeks) 31	(26-33) 38	(34-39)

BW	(grams) 1060	(560-1575) 2420	(1550-3035)

BW	z score	 -1.38	(-2.43	to	-.61) -1.56	(-3.17	to	.04)

BW	percentile 8	(1-27) 6	(1-52)

Head	circumference	at	birth	(cm) 25.7	(21.2-29.4) 31.0	(28.5-34.0)

Apgar	1’ 5.5	(2-9) 9	(2-9)

Apgar	5’ 7	(4-10) 9	(5-10)

pH	venous	(n	=	13/18)	 7.29	(7.02-7.37) 7.26	(7.15-7.41)

pH	arterial	(n	=	14/18) 7.24	(6.88-7.37) 7.21	(7.10-7.35)

Base	excess	(n	=	8/19) -3.5	(-11	to	-1) -6	(-10	to	-2)

Transcutaneous	oxygen		saturation	(%)** 95	(85-99) 98	(90-100)

NICU	admission	(days)	 20	(100) 4	(17)

Days	of	admission	 18.5	(0-90) 5	(2-24)

Mechanical	ventilation	 12	(60) 3	(13)

RDS	 12	(60) 0	(0)

BPD 4	(20) 0	(0)

Sepsis 4	(20) 0	(0)

NEC 2	(10) 0	(0)

IVH 2	(10) 0	(0)

Data given as median (min-max), or number (%). 
Abbreviations: FGR - fetal growth restriction, BMI - body mass index, NIRS – near-infrared spectroscopy, GA - 
gestational age, BW - birth weight, NICU – neonatal intensive care unit, RDS - respiratory distress syndrome, 
BPD - brochopulmonary dysplasia, NEC - necrotizing enterocolitis, IVH - intraventricular haemorrhage.
* Stopped smoking after the fi rst trimester of pregnancy or later
** Saturation on Day 1 during NIRS measurement
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Figure 2. Distribution in % of abnormal versus normal CPR and Doppler PI z scores (abnormal in black) of mean 
UtA, UA, and MCA

Number of measurements
In	two	cases,	MCA	PI	could	not	be	measured	at	the	last	examination	before	delivery	due	
to	the	degree	of	engagement	of	the	fetal	head	into	the	pelvis	and	as	a	consequence	only	
the	UA	PI	was	measured.	Cerebral	and	renal	rSO2	were	measured	in	all	43	infants	on	Day	
1	after	birth,	in	39	on	Day	2,	in	35	on	Day	3,	in	27	on	Days	4	and	5,	in	16	on	Day	8,	and	
in	9	on	Day	15.	Splanchnic	rSO2	was	measured	in	33	infants	on	Day	1	after	birth,	in	30	
on	Day	2,	in	25	on	Day	3,	in	17	on	Day	4,	in	16	on	Day	5,	in	11	on	Day	8,	in	5	on	Day	15.	
Decreasing	numbers	of	NIRS	measurements	were	due	to	the	infants	being	discharged,	
or,	alternatively,	in	case	of	splanchnic	NIRS,	to	the	presence	of	an	umbilical	catheter	in	
some	infants	who	had	been	admitted	to	the	neonatal	intensive	care	unit.

Correlation coeffi  cients between Doppler measurements and multisite NIRS
In	Tables	2A,	B,	and	C	we	present	the	correlation	coef�icients	between	fetal	Doppler	PI	
measurements	and	NIRS	values	on	Days	1	to	3	after	birth	for	all	FGR	cases	and	for	early	
and	late	FGR	separately.	Regarding	UA	PI	z scores,	highly	signi�icant	correlations	were	
found	with	cerebral	and	renal	FTOE,	CRR,	and	CSR.	Correlation	coef�icients	of	MCA	z 
scores	and	cerebral	FTOE	and	CSR	were	higher	on	Days	2	and	3	than	on	Day	1,	both	in	
the	entire	group	as	well	as	 in	 the	early	and	 late	FGR	subgroups	separately.	However,	
associations	 lost	 their	 statistical	 signi�icance	when	 groups	were	 separated.	 The	 one	
exception	was	the	correlation	coef�icient	of	MCA	z score	and	CSR	in	the	early	group	on	
Day	2.	For	MCA	z scores	and	CPR,	high	correlation	coef�icients	were	found	with	renal	
FTOE	and	CRR	in	the	entire	group.
	 We	 found	no	 signi�icant	 correlations	 for	 the	 entire	 group	 on	Days	 4,	 5,	 8,	 and	15	
except	for	UA	and	splanchnic	FTOE	on	Day	4	(r	.505	P =	.039)	and	Day	8	(r	.624	P =	.040),	
UA	and	CSR	on	Day	8	(r	-.718	P =	.028),	MCA	and	splanchnic	FTOE	on	Day	15	(r	.900	P =	
.037),	MCA	and	CRR	on	Day	15	(r	.850	P =	.004),	and	CPR	and	CRR	on	Day	15	(r	.700	P =	
.036)	In	early	FGR,	correlations	on	Days	4,	5,	8	were	not	signi�icant,	but	on	Day	15	only	
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Figure 3A. The course of cerebral FTOE in early and late FGR cases during the fi rst 15 days after birth. Boxplots 
represent median, interquartile ranges, and ranges.

Figure 3B. The course of renal FTOE in early and late FGR cases during the fi rst 15 days after birth. Boxplots 
represent median, interquartile ranges, and ranges.

Figure 3C. The course of splanchnic FTOE in early and late FGR cases during the fi rst 15 days after birth. 
Boxplots represent median, interquartile ranges, and ranges.
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MCA	and	CRR	were	signi�icantly	correlated	(r	.929	P =	.001).	In	late	FGR	correlations	on	
Days	4,	5,	8,	and	15	were	not	signi�icant	except	for	MCA	and	CSR	on	Day	4	(rho	.786	P =	
.021),	and	CPR	and	splanchnic	FTOE	on	Day	4	(rho	-.833	P =	.010).	These	results	are	not	
presented	in	a	table.

Table 2A. Correlation coeffi  cients (rho values) between UA z score and neonatal circulation 

Early + Late FGR Early FGR Late FGR

1
Days
2 3 1

Days
2 3 1

Days
2 3

Cerebral	FTOE -.247 -.208 -.354* -.140 -.037 -.357 -.131 .033 -.232

Renal	FTOE .454# .312 .406* .137 .268 .223 .345 .156 -.009

Splanchnic	FTOE .382* .001 .288 .723* -.322 -.433 .269 .021 .329

CRR -.517† -.465# -.563† -.316 -.294 -.518* -.491* -.215 -.182

CSR -.395* -.067 -.440* -.758* .212 -.500 -.318 .069 -.453

*P < .05  # P < .01 † P < .001. UA - umbilical artery, FGR - fetal growth restriction, FTOE - fractional tissue oxygen 
extraction, CRR - cerebrorenal ratio, CSR - cerebrosplanchnic ratio.

Table 2B. Correlation coeffi  cients (rho values) between MCA z score and neonatal circulation

Early + Late FGR Early FGR Late FGR

1
Days
2 3 1

Days
2 3 1

Days
2 3

Cerebral	FTOE .159 .469# .331 -.026 .222 .103 .072 .311 .309

Renal	FTOE -.332* -.060 -.375* -.137 .141 -.230 .194 .254 -.112

Splanchnic	FTOE -.238 -.248 -.202 -.517 -.301 .405 .057 -.090 -.168

CRR .456# .416# .504# .233 .098 .162 .039 .060 .297

CSR .169 .443* .435* .283 .733* .333 -.057 .155 .282

* P < .05  # P < .01 † P < .001. MCA - middle cerebral artery, FGR - fetal growth restriction, FTOE - fractional tissue 
oxygen extraction, CRR - cerebrorenal ratio, CSR - cerebrosplanchnic ratio.

Table 2C. Correlation coeffi  cients (rho values) between CPR and neonatal circulation

Early + Late FGR Early FGR Late FGR

1
Days
2 3 1

Days
2 3 1

Days
2 3

Cerebral	FTOE .154 .285 .339 .107 .149 .261 -.054 .051 .150

Renal	FTOE -.336* -.139 -.397* -.192 -.077 -.366 -.033 .231 -.174

Splanchnic	FTOE -.242 -.002 -.064 -.700* .368 .357 -.001 -.053 -.255

CRR .474# .398* .551# .421 .223 .460 .260 -.017 .263

CSR .154 .131 .289 .667 .067 .500 -.069 -.028 .265

*P < .05  # P < .01 † P < .001. CPR - cerebroplacental ratio, FGR - fetal growth restriction, FTOE - fractional tissue 
oxygen extraction, CRR - cerebrorenal ratio, CSR - cerebrosplanchnic ratio.
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Discussion 

This	 study	 demonstrated	 the	 continuity	 between	 hemodynamic	 adjustments	 before	
and	after	birth	in	case	of	FGR.	We	found	that	prenatal	Doppler	parameters,	indicative	of	
preferential	redistribution	of	blood	�low	to	the	brain,	were	associated	with	circulatory	
parameters	assessed	by	NIRS	after	birth.	Strong	associations	were	found	for	the	�irst	
three	days	after	birth	between	UA	and	renal	FTOE/CRR,	between	CPR	and	CRR,	between	
CPR	and	CSR	and,	 starting	 from	Day	2	after	birth,	between	MCA	and	cerebral	FTOE.	
To	 our	 knowledge	 this	 is	 the	 �irst	 study	 on	 associations	 between	 prenatal	 Doppler	
measurements	and	postnatal	multisite	NIRS	in	FGR	which	showed	that	hemodynamic	
adaptations	present	before	birth	continue	in	the	postnatal	period.	
	 Brain	sparing	continued	until	the	�irst	three	days	after	birth	as	seen	by	a	relatively	high	
cerebral	perfusion	(low	FTOE)	compared	to	renal	perfusion.	Prenatal	brain	sparing	can	
be	expressed	as	high	UA	and	low	MCA	PI	or	low	CPR.	These	parameters	were	positively	
associated	 with	 low	 cerebral	 FTOE	 and	 high	 renal	 FTOE,	 and	 negatively	 associated	
with	 low	CRR.	Since	 these	NIRS	values	can	be	 interpreted	as	postnatal	high	cerebral	
perfusion	in	relation	to	renal	perfusion,	our	data	suggest	that	hemodynamic	changes	
present	before	birth	persist	at	least	for	the	�irst	days	after	birth.	These	associations	lost	
signi�icance	starting	from	Day	4.	This	might	be	due	to	the	disappearance	of	the	brain	
sparing	effect,	or	alternatively,	to	the	decreasing	number	of	measurements	starting	from	
Day	4.	Since	no	other	studies	have	previously	reported	associations	between	prenatal	
Doppler	measurements	and	postnatal	NIRS	measurements,	we	are	unable	to	compare	
our	 results.	 Reports	 on	 solely	 cerebral	 FTOE	 in	 FGR	 do	 exist,	 but	 show	 con�licting	
results.	The	�irst	three	days	after	birth,	cerebral	FTOE	was	found	to	be	consistently	low	
in	SGA	infants,(17)	to	increase	in	severe	FGR	infants,(28)	and	is	relatively	high	in	very	
preterm	extremely	low	birth	weight	infants.(29)	These	differences	may	be	explained	by	
timing	of	the	measurements	and	group	characteristics.
	 In	this	study,	an	exception	to	the	continuation	of	brain	sparing	after	birth,	is	the	�irst	
postnatal	 day	where	MCA	 and	 cerebral	 FTOE	were	 not	 associated.	 Previous	 studies	
reported	a	lack	of	increase	in	left	ventricular	output	in	SGA	infants	the	�irst	days	after	
birth,	 measured	 with	 echocardiography.(30-32)	 Therefore,	 SGA	 infants	 seem	 to	 fall	
short	in	adapting	their	circulation	to	the	postnatal	situation.	Apparently,	on	the	�irst	day	
after	birth	an	acute	adaptation	occurs	after	FGR.	In	fetal	circulation	there	is	preferential	
blood	�low	to	the	fetal	brain	and	heart.(1)	We	speculate	that	the	sudden	change	in	blood	
gases	directly	after	birth	triggers	an	abrupt	reduction	of	preferential	blood	�low	to	the	
brain.	
	 Brain	 sparing	 is	 not	 as	 protective	 as	 previously	 thought,	 but	might	 contribute	 to	
neurological	de�icits.(33)	More	recent	studies	report	that	FGR	fetuses	with	an	abnormal	
MCA	PI	are	at	risk	of	abnormal	neurological	maturation	or	subtle	neurodevelopmental	
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de�icits.(3,4)	In	addition,	in	very	preterm	infants	fetal	brain	sparing	was	associated	with	
poor	cognitive	outcome.(34)	We	speculate	that	brain	sparing	induces	hyperoxygenation	
of	cerebral	tissue	after	birth.	Higher	regional	cerebral	tissue	oxygen	content	is	known	
to	 be	 associated	with	 poor	 cognition	 at	 three	 years.(35)	 Therefore,	 the	 presence	 of	
fetal	and	postnatal	brain	sparing	is	important	to	both	obstetricians	and	paediatricians.	
They	should	be	aware	that	circulatory	changes	in	FGR	could	be	prolonged	until	after	
birth.	Due	to	brain	sparing,	abdominal	organs	are	vulnerable	and	are	therefore	more	
susceptible	 for	 e.g.	 sepsis.	 Paediatricians	 should	 be	 aware	 of	 the	 vulnerability	 of	
abdominal	organs	of	FGR	infants	born	after	prenatal	brain	sparing.	In	addition,	brain	
sparing	could	represent	a	risk	factor	for	later	neurodevelopmental	abnormalities.	
	 Associations	between	prenatal	Doppler	velocimetry	and	postnatal	NIRS	measurements	
seem	 to	 be	mainly	 determined	 by	 the	 early	 FGR	 group.	 Correlations	 (R	 values)	were	
not	 statistically	 signi�icant	 for	 separate	 groups,	 nevertheless	 they	 were	 high	 in	 early	
FGR.	We	offer	two	possible	explanations	for	the	predominance	in	the	early	FGR	group.	
Firstly,	most	of	the	early	FGR	cases	were	born	preterm	due	to	the	severity	of	their	growth	
restriction	and	may,	therefore,	have	had	more	pronounced	blood	�low	redistribution.	The	
non-signi�icant	associations	in	the	growth	restricted	groups	when	they	were	considered	
separately	might	then	have	been	due	to	the	smaller	sample	sizes.	The	second	explanation	
might	be	the	difference	in	renal	and	splanchnic	FTOE	due	to	prematurity.	Previous	studies	
reported	lower	mean	renal	and	splanchnic	rSO2	values	in	preterm	infants	than	in	term	
infants.(36,37)	Lower	rSO2	values	correspond	with	higher	FTOE	values.	We	also	found	
higher	FTOE	values	in	the	renal	and	splanchnic	regions	in	preterm	infants,	compared	with	
term	infants.	It	suggests	that,	apart	from	FGR,	preterm-born	infants	have	a	relatively	low	
perfusion	of	the	abdominal	area	in	the	�irst	days	after	birth,	compared	with	term	infants.	
We	speculate	that	this	might	be	due	to	immaturity	of	the	abdominal	organs	in	preterm	
infants.	As	a	consequence,	CRR	and	CSR	have	more	extreme	values	in	the	early	FGR	group,	
which	might	explain	the	fact	that	correlations	between	Doppler	measurements	and	NIRS	
ratios	were	especially	present	in	the	preterm	group.	
	 This	 study	 has	 several	 strengths	 and	 limitations.	We	 performed	NIRS	 at	multiple	
sites	and	during	the	�irst	two	weeks	after	birth,	which	implies	a	very	extensive	neonatal	
follow-up.	We	 also	 recognize	 some	 limitations.	 Associations	were	 found	 in	 the	 total	
group,	but	 they	 lost	 signi�icance	when	 the	early	 and	 late	FGR	groups	were	analyzed	
separately.	This	may	be	due	 to	 the	small	 sample	sizes	of	 the	subgroups.	We	also	did	
not	 include	 a	 control	 group,	 as	Doppler	measurements	 and	NIRS	 are	not	performed	
routinely	as	part	of	the	standard	care	of	healthy	fetuses	and	infants.	Another	limitation	
is	the	unknown	duration	of	brain	sparing	before	birth.	We	only	included	the	last	Doppler	
measurement	 before	 birth.	 Therefore,	 we	 could	 not	 investigate	 whether	 the	 FGR	
fetuses	with	prolonged	brain	sparing	were	the	ones	showing	cerebral	vasodilatation	as	
neonates.	Moreover,	we	did	not	perform	follow-up	at	later	age.	
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	 In	conclusion,	prenatal	hemodynamic	changes	due	to	FGR	seem	to	persist	after	birth.	
Low	MCA	PI	and	low	CPR	before	birth,	indicating	brain	sparing,	are	strongly	associated	
with	 a	 low	 CRR,	 indicating	 a	 higher	 neonatal	 blood	 supply	 and,	 therefore,	 oxygen	
delivery	to	the	brain	compared	to	the	renal	region.	We	speculate	that	if	brain	sparing	is	
present	prenatally,	it	persists	for	the	�irst	three	days	after	birth.	
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Abstract 

Aim
To	investigate	whether	in	fetal	growth	restriction	(FGR)	Doppler	PI	measurements	of	
the	fetal	circulation	are	associated	with	neonatal	general	movements	(GMs).

Method
FGR	diagnosis	was	based	on	abdominal	circumference	or	estimated	fetal	weight	<P10	
or	de�lecting	fetal	growth.	Fetal	Doppler	parameters	of	the	umbilical	artery	(UA),	middle	
cerebral	artery	(MCA),	and	ductus	venosus	(DV)	were	measured	maximally	1	week	prior	
to	delivery.	Cerebroplacental	ratio	(CPR)	was	calculated	as	MCA	divided	by	UA	PI.	We	
assessed	the	quality	of	GMs	on	day	7	after	birth,	around	the	due	date	if	cases	were	born	
preterm,	and	at	three	months	post	term.	Additionally,	we	performed	a	detailed	analysis	
of	the	motor	repertoire	by	calculating	a	motor	optimality	score	(MOS).	

Results 
Forty-eight	FGR	cases	were	included	with	a	median	GA	of	35	(range	26-40)	weeks.	UA	
PI,	MCA	PI,	and	CPR	correlated	strongly	(rho	.374-.472,	p<.01)	with	MOS	on	day	7	after	
birth,	DV	did	not.	Doppler	PI	measurements	did	not	correlate	with	MOS	at	three	months	
post	term.

Conclusion 
Fetal	arterial	Doppler	measurements	are	associated	with	the	quality	of	neonatal	GMs	
one	week	after	birth,	but	this	association	is	no	longer	evident	at	three	months	post	term	
age.	Brain	sparing	in	particular	associated	strongly	with	abnormal	quality	of	GMs.	
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Introductory section 

Fetal	growth	restriction	(FGR)	is	one	of	the	leading	causes	of	perinatal	and	long-term	
adverse	outcomes.(1)	FGR	occurs	in	both	early	and	late	stages	of	pregnancy,	each	with	
its	own	pathofysiological	mechanism.	During	 fetal	 life,	Doppler	pulsatility	 index	 (PI)	
measurements	of	arterial	and	venous	vessels	are	used	 for	 fetal	monitoring.	Previous	
studies	suggest	that	abnormal	PI	values	of	the	umbilical	artery	(UA),	middle	cerebral	
artery	(MCA),	and	ductus	venosus	(DV)	are	predictive	of	perinatal	outcome	including	
long-term	neurodevelopment.(2-4)	Speci�ically,	absent	or	reversed	end-diastolic	 �low	
(AREDF)	 of	 the	 UA	 is	 associated	 with	 long-term	 neurodevelopmental	 delay.(3)	 It	 is	
unknown,	however,	whether	the	entire	range	of	Doppler	measurements	are	associated	
with	neurodevelopmental	delay,	and	how	abnormal	PI	of	 the	UA,	MCA,	and	DV	affect	
neurologic	development	shortly	after	birth.	Previous	studies	report	a	higher	incidence	
of	abnormal	general	movements	(representative	of	neurological	functioning)	in	growth	
restricted	infants	when	compared	to	controls.(5,6)	However,	they	did	not	compare	these	
results	with	fetal	Doppler	measurements.	Therefore,	it	remains	unknown	whether	fetal	
Doppler	measurements	are	associated	with	short-term	neurological	functioning	of	the	
newborn	in	FGR,	and	if	so,	which	Doppler	measurements.
	 A	 reliable	 method	 to	 determine	 neurological	 functioning,	 is	 Prechtl’s	 method	 of	
assessing	quality	of	general	movements	(GMs).(7,8)	Chronologically,	two	types	of	GMs	
can	be	distinguished.	Up	 to	 term	age,	GMs	are	normally	 characterized	by	variability,	
complexity,	and	�luency.	At	three	months	post	term,	�idgety	GMs	(FMs)	emerge,	de�ined	
as	continuous	small,	circular	movements	of	moderate	speed	in	all	directions.	The	quality	
of	GMs	and	FMs	are	predictive	of	abnormal	neurological	development.(8)	Therefore,	
abnormal	GMs	in	FGR	infants	may	be	a	re�lection	of	possible	brain	damage.
	 To	gain	insight	into	the	relationship	between	prenatal	Doppler	PI	measurements	and	short	
term	postnatal	neurology	in	FGR,	we	aimed	to	determine	associations	between	Doppler	PI	
of	the	UA,	MCA,	and	DV	and	the	qualitative	and	quantitative	assessment	of	GMs	and	FMs.	
Since	preterm	and	term-born	FGR	infants	might	have	different	underlying	pathofysiological	
mechanisms,	we	also	aimed	to	study	associations	for	both	groups	separately.
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Methods

Participants
A	prospective	observational	cohort	study	was	performed	from	June	2012	to	September	
2014	at	the	Departments	of	Obstetrics	and	Fetal	Medicine	of	University	Medical	Center	
Groningen	 (UMCG)	 in	 The	 Netherlands.	 Exclusion	 criteria	 were	multiple	 pregnancy,	
structural	 and/or	 chromosomal	 abnormalities	 or	 evidence	 of	 fetal	 infection.	 All	
pregnancies	 were	 delivered	 at	 UMCG	 and,	 if	 indicated,	 neonates	 were	 admitted	 to	
the	 Neonatology	 ward	 of	 the	 same	 hospital.	 Data	 on	 obstetric,	 birth,	 and	 neonatal	
characteristics	were	 collected	 from	 the	 two	departments.	Written	 informed	parental	
consent	was	 obtained	 in	 all	 cases.	 The	 study	was	 approved	 by	 the	 hospital	Medical	
Board	and	Medical	Research	Ethics	Committee.	
	 We	de�ined	FGR	as	a	fetal	abdominal	circumference	or	estimated	fetal	weight	(9)	below	
the	10th	centile,	or	de�lecting	fetal	growth	of	at	least	30	centiles	with	respect	to	previous	
measurements	 (reduced	 growth	 according	 to	 the	 fetus’	 expected	 growth	 potential).	
On	 average,	 prior	 to	 maternal	 admission,	 fetal	 Doppler	 parameters	 were	 measured	
serially	once	a	week,	and	twice	a	week	for	the	duration	of	admission.	Care	was	taken	to	
perform	the	last	measurement	as	close	to	the	day	of	delivery	as	possible	and	never	at	
an	interval	of	more	than	one	week	to	delivery.	Only	the	last	measurement	was	used	for	
analysis.	Measurements	included	PI	of	UA,	MCA,	and	DV.	Left	and	right	maternal	uterine	
artery	Dopplers	were	measured	during	the	�irst	visit,	then	mean	uterine	artery	(UtA)	
PI	 was	 calculated.	 Two	 experienced	 operators	 performed	 all	 measurements.	 All	 the	
measurements	were	transformed	to	z scores	(standard	deviation	from	the	gestational	
age	mean)	for	further	analysis.(10,11)	In	case	of	absent	end	diastolic	�low	in	the	UA,	the	
PI	was	calculated	by	manually	tracing	the	end	diastolic	velocity	along	the	time	axis.	The	
cerebroplacental	ratio	(CPR)	was	calculated	as	MCA	PI	divided	by	UA	PI.(12)	

Recording of general movements
We	video	recorded	each	infant’s	general	movements	for	30	to	60	minutes	on	day	7	after	
birth.	Preterm-born	infants	were	again	recorded	around	due	date	(40	weeks	GA)	with	
the	same	recording	time.	At	three	months	post	term,	all	infants	were	recorded	for	10	
minutes.	Timing	and	duration	of	recording	were	as	advised	by	Einspieler	et	al.(8)	The	
infants	were	�ilmed	naked	or	wearing	only	a	diaper,	lying	in	supine	position,	and	being	
able	to	move	their	limbs	and	trunk	freely.	We	placed	the	video	camera	high	above	the	
infant	at	the	foot	of	the	changing	mat	or	playpen,	or	in	case	of	preterm	born	or	ill	infants,	
the	incubator.	GMs	during	crying,	hiccupping,	or	sucking	on	a	dummy	were	excluded	
from	analysis.
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Analysis of general movements
Two	of	the	authors	(JCT	and	AFB)	assessed	the	quality	of	GMs	according	to	Prechtl’s	
method,	 on	 the	 basis	 of	 visual	 Gestalt	 perception.(7)	 They	 did	 so	 blinded	 for	 the	
prenatal	 data.	 Both	 are	 certi�ied	 by	 the	 GM	 Trust.	 Interobserver	 reliability	 was	 not	
determined	in	this	study,	but	has	previously	been	studied	extensively	and	reported	as	
good	to	excellent.(8)	Normal	GMs	involve	the	infant’s	entire	body,	can	last	a	few	seconds	
to	several	minutes,	and	are	characterized	by	a	complex	and	variable	sequence	of	arms,	
legs,	neck,	and	trunk.	GMs	are	scored	as	abnormal	if	they	lack	complexity,	variability,	
and	�luency.	There	are	three	types	of	abnormal	GMs	that	apply	to	the	preterm	and	term	
period:	 poor	 repertoire,	 chaotic,	 and	 cramped-synchronized	 GMs.(5,13)	 If	 GMs	 are	
absent	or	very	short	(<3	s),	the	infant	was	assessed	as	being	hypokinetic.(14)	Next	we	
performed	a	detailed	analysis	by	calculating	a	motor	optimality	score	(MOS)	using	the	
GM	Optimality	List.(14)	Eight	different	aspects,	including	GM	quality,	are	distinguished.	
MOS	ranges	from	8	to	18	(low	to	high	optimality).	
	 At	approximately	 the	end	of	 the	second	month	post	 term,	during	 the	so-called	major	
neural	 transformation,	 GMs	 acquire	 a	 �idgety	 character.(15)	Normal	 �idgety	movements	
(FMs)	are	circular	movements	of	small	amplitude,	moderate	speed,	and	variable	acceleration	
of	neck,	 trunk,	and	 limbs	 in	all	directions.(16)	FMs	are	scored	as	being	abnormal	when	
circular	movements	resembling	FMs	are	present,	but	with	exaggerated	speed,	amplitude	or	
jerkiness.	They	are	scored	as	absent	(severely	abnormal)	if	they	are	never	observed	during	
video	recordings	between	9	and	16	weeks	post	term.	Next,	we	used	the	Motor	Optimality	
List	 for	Fidgety	Movements	 to	assess	a	MOS.(17)	Five	aspects,	 including	FM	quality,	are	
distinguished.	During	this	period,	MOS	ranges	from	5	to	28	(low	to	high	optimality).

Statistical analysis
We	 performed	 a	 sample	 size	 calculation.	 We	 expected	 Doppler	 PI	 of	 the	 UA	 to	 be	
abnormal	in	two	third	of	the	cases	(ratio	2:1).	Our	main	endpoint	was	MOS	at	3	months	
post	 term	 age,	 range	 8-18,	 standard	 deviation	 3.1.	We	 considered	 a	 difference	 of	 4	
MOS	points	relevant.	Therefore,	at	a	power	of	0.8	and	P	value	0.05,	38	infants	should	
be	 included	 in	 this	 study.	However,	due	 to	a	not	normal	distribution	of	 the	MOS,	we	
add	10%	to	this	number,	and	the	minimum	number	of	inclusion	should	be	42.	Due	to	
practicalities	we	followed	43	infants	up	until	3	months	post	term.
	 We	used	the	Spearman	rank	order	correlation	test	to	determine	correlations	between	
Doppler	parameters	and	MOS,	and	BW	centiles	and	MOS.	The	analyses	were	repeated	
in	the	preterm	FGR	group	(below	37	weeks	GA)	and	in	the	term	FGR	group	(≥37	weeks	
GA),	and	in	a	mild	FGR	group	(BW	>P5)	and	severe	FGR	group	(BW	≤P5).	Chi	square	
test	was	used	to	evaluate	categorised	Doppler	and	GM	variables,	and	when	signi�icant	
univariate	and	multiple	logistic	regression	analyses	were	performed.	A	P value	of	<.05	
was	considered	statistically	signi�icant.
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Table 1. Patient characteristics of preterm and term groups 

Preterm Term

Maternal	demographics
Patients	 24 24
Antenatal	steroids	 21	(88%) 2	(8%)
Cesarean	section	 22	(92%) 8	(33%)
Preeclampsia	 8	(33%) 0
HELLP	syndrome 3	(13%) 0
(Stopped)	smoking*	 8	(33%) 13	(54%)
Maternal	BMI 26	(23-30) 20	(19-24)
Caucasian	mother 20	(83%) 20	(83%)
Caucasian	father 20	(83%) 20	(83%)
Perinatal	variables	
Gender	(male) 13	(54%) 10	(42%)
GA	at	birth	(weeks) 31	(28-32) 38	(37-39)
BW	(grams) 1105	(843-1448) 2490	(2016-2647)
BW	z	score	 -1.38	(-1.87	to	-.99) -1.51	(-1.80	to	-1.13)
BW	<10th	centile 14	(60%) 18	(75%)
Head	circumference	(cm) 27.0	(24.0-28.5) 31.5	(31.0-32.5)
Apgar	1’ 6	(3-8) 8	(7-9)
Apgar	5’ 8	(6-9) 9	(8-10)
pH		venous	(n=17/19)	 7.28	(7.23-7.33) 7.26	(7.23-7.31)
pH	arterial	(n=18/19) 7.24	(7.18-7.29) 7.21	(7.15-7.25)
Base	excess	(n=/20) -4	(-6	to	-2) -6	(-7	to	-4)
NICU	admission	 24	(100%) 3	(13%)
Days	of	admission	 16	(6-27) 4	(3-6)
Mechanical	ventilation	 13	(54%) 2	(8%)
RDS	 13	(54%) 0
BPD 4	(17%) 0
Sepsis 4	(17%) 0
NEC 2	(8%) 0
IVH 3	(13%) 0

Doppler	assessment
Abnormal	Doppler
UA	(>95th	centile	or	AREDF)
MCA	(<5th	centile)
CPR	(<1)
DV	(>95th	centile)
UtA	(>95th		centile)

19	(79%)
11	(46%)
14	(58%)
12	(50%)
11	(46%)

10	(42%)
3	(13%)
4	(17%)
13	(54%)
2	(8%)

Median (IQR) or number (percentage). BMI body mass index, GA gestational age, BW birth weight, NICU 
neonatal intensive care unit, RDS respiratory distress syndrome, BPD bronchopulmonary dysplasia, NEC 
necrotizing enterocolitis, IVH intraventricular haemorrhage, UA umbilical artery, AREDF absent or reversed end 
diastolic fl ow, MCA middle cerebral artery, CPR cerebroplacental ratio, DV ductus venosus, UtA uterine artery.
* Percentage of patients that smoked during pregnancy or stopped smoking after the fi rst trimester of 
pregnancy.
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Figure 1. Study fl ow diagram
*Other: 1 withdrew, 1 bad quality of video, 1 video not carried out

Results

Patient characteristics
We	included	48	FGR	cases,	of	which	43	cases	were	followed-up	until	3	months	post	term	
(Figure	1).	Two	cases	died	before	they	reached	the	age	of	3	months	post	term,	in	two	
cases	the	parents	withdrew	from	the	study	before	reaching	3	months	post	term,	and	
one	case	was	excluded	from	analysis	due	to	bad	quality	of	the	video	recording.	In	the	
preterm	group,	the	video	recording	of	one	case	was	not	carried	out	at	term	age,	due	to	
logistic	reasons.	Background	characteristics	of	the	initial	group	(N=48)	are	presented	
in	Table	1.	
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Doppler measurements 
In	 Figure	 2	 we	 show	 the	 distribution	 of	 z scores	 of	 mean	 UtA,	 UA,	 MCA,	 and	 CPR.	
Abnormal	Doppler	PI	values	were	found	in	60%	of	cases	for	the	UA	(>95th	centile),	30%	
abnormal	for	the	MCA	(<5th	centile),	39%	abnormal	for	the	CPR	(<1),	58%	abnormal	for	
the	DV	(>95th	centile),	and	28%	abnormal	for	the	mean	maternal	uterine	artery	(>95th	
centile).	In	nine	out	of	48	cases	diastolic	�low	in	the	UA	was	absent	and	reversed	in	one	
case.	

General movements
Quality	of	GMs	on	day	7	was	normal	 in	22	cases	 (45%),	poor	repertoire	 in	24	cases	
(50%),	cramped	synchronized	movement	in	one	case	(2%),	and	dyskinetic	in	one	case	
(2%).	At	 the	 assessment	 at	 term	of	 the	preterm	group,	4	 cases	were	normal	 (21%),	
14	 showed	poor	 repertoire	 (74%),	 and	one	 cramped	 synchronized	movement	 (5%).	
Median	(interquartile	range,	IQR)	MOS	on	day	7	(N=48)	was	13	(11-17),	median	MOS	at	
the	assessment	of	the	preterm	group	at	approximately	term	age	(N=19)	was	11	(10-13).
	 The	quality	of	FMs	was	scored	as	absent	FMs	 in	one	case	 (2%)	and	normal	 in	all	
others.	At	three	months	post-term	age,	median	�idgety	MOS	(N=43)	was	25	(IQR	23-26).	

Figure 2. Doppler PI z scores of the UA, MCA, and DV and CPR
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Categorization and correlation coeffi  cients of Doppler PI measurements and GMs
In	Figure	3	we	present	the	distribution	of	normal	and	abnormal	(i.e.	poor	repertoire,	
cramped-synchronized,	 hypokinetic)	 GMs	 per	 normal	 and	 abnormal	 Doppler	
measurements	 of	 each	 vessel.	 Groups	 of	 abnormal	 UA	 PI,	 MCA	 PI,	 and	 CPR	 had	
signi�icantly	 more	 cases	 with	 abnormal	 GMs	 on	 day	 7	 (poor	 repertoire,	 cramped	
synchronized,	 or	 dyskinetic),	with	 odds	 ratios	 of	 4.82	 (95%	 con�idence	 interval	 [CI]	
1.38	-	16.8,	explained	variance	17.1%)	for	UA	PI;	7.71	(95%	CI	1.48	-	40.2,	explained	
variance	20.5%)	for	MCA	PI;	and	4.67	(95%	CI	1.22	-	17.8,	explained	variance	15.6%)	
for	CPR.	Multiple	logistic	regression	analysis,	entering	UA	PI,	MCA	PI,	and	CPR	in	the	
model,	revealed	that	MCA	PI	remained	solely	in	the	model,	indicating	that	abnormal	UA	
PI	and	CPR	did	not	contribute	to	the	prediction	of	abnormal	GMs	above	MCA	PI.	
	 High	correlation	coef�icients	were	 found	between	Doppler	PI	of	UA	and	MCA,	and	
CPR	and	MOS	of	writhing	GMs	(Table	2).	No	signi�icant	correlation	coef�icients	were	
found	between	DV	PI	and	GMs.	Furthermore,	none	of	the	Doppler	measurements	were	
correlated	to	FMs.	Of	note,	we	additionally	calculated	correlation	coef�icients	on	day	7	
for	preterm	and	term	groups	separately,	which	yielded	high	correlation	coef�icients	in	
the	term	group	between	UA	PI,	MCA	PI,	and	CPR	and	GMs	but	not	in	the	preterm	group.	
	 When	 separated	 into	 mild	 (BW	 >P5)	 and	 severe	 FGR	 (BW	 ≤P5),	 we	 found	 high	
correlation	 coef�icients	 between	 Doppler	 PI	 of	 UA	 and	 MCA,	 and	 CPR	 and	 MOS	 of	
writhing	GMs	in	both	groups	(data	not	shown).	BW	centiles	tended	to	correlate	with	
MOS	of	writhing	GMs,	but	not	with	�idgety	movements	3	months	post	term	(Table	2).

Figure 3. Categorised Doppler PI with categorised GMs day 7
*P<.05, black = abnormal GMs (poor repertoire, cramped synchronised, dyskinetic), grey = normal GMs
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Table 2. Correlation coeffi  cients (rho values) between Doppler PI and MOS of writhing and fi dgety movements 

Day 7 Day 7 Day 7 40 weeks GA 3 months post term

Group Preterm	+	Term Preterm Term Preterm	only Preterm	+	Term

N 48 24 24 19 43
UA	PI -.374

P=.009
-.258

P=.223
-.348

P=.096
-.058

P=.815
-.134	

P=.390
MCA	PI .472	

P=.001
.140

P=.523
.509

P=.013
-.147

P=.561
.082	

P=.611
CPR .431

P=.003
.218

P=.318
.485

P=.019
.161

P=.525
.158	

P=.325

DV	PI -.137
P=.380

-.067
P=.769

-.299
P=.188

-.234
P=.366

-.176	
P=.289

BW	centile .279
P=.055

.396
P=.056

.196
P=.358

.287
P=.233

.056
P=.721

Discussion 

In	this	study	we	demonstrate	that	fetal	Doppler	measurements	in	FGR	are	associated	
with	 the	quality	of	GMs	on	day	7	after	birth.	This	pertains	 to	 the	UA,	MCA,	and	CPR.	
In	 addition,	when	 categorized	 into	 normal	 versus	 abnormal	Doppler	 groups,	 infants	
with	 abnormal	 UA,	 MCA,	 and	 CPR	 more	 often	 have	 an	 abnormal	 quality	 of	 GMs.	
These	 associations,	 however,	 have	 disappeared	 by	 3	months	 post	 term.	 DV	Doppler	
measurements	were	not	associated	with	the	quality	of	GMs,	and	thus	with	short-term	
neurological	outcome.
	 Previous	studies	report	UA	PI	 to	be	predictive	of	neurodevelopmental	outcome	at	
the	age	of	2	to	12	years.(3,18)	However,	this	only	applies	to	AREDF	in	the	UA.	We	here	
demonstrate	that	considerably	more	infants	with	increased	resistance	to	�low	in	the	UA	
(PI	>95th	centile)	have	abnormal	GMs	on	day	7	after	birth,	i.e.	even	before	AREDF.	Our	
�indings	suggest	that	abnormal	UA	PI	is	also	associated	with	neurological	outcome,	even	
though	AREDF	might	re�lect	a	more	seriously	compromised	placental	function,	which	
is	a	better	predictor	for	long-term	neurodevelopmental	outcome.	In	the	present	study,	
particularly	low	MCA	PI	is	strongly	associated	with	abnormal	GMs	on	day	7,	although	
not	with	FMs	at	3	months.	This	is	in	agreement	with	the	literature.	Figueras	et	al.	found	
lower	scores	on	behavior	at	term	in	a	group	with	abnormal	MCA,	and	Baschat	et	al.	found	
no	association	between	brain	sparing	and	neurodevelopment	at	2	years.(3,4)	A	recent	
systematic	review	reinforces	the	association	between	abnormal	cerebral	perfusion	and	
altered	neurological	and	cognitive	functions.(19)
	 None	 of	 the	 fetal	 Doppler	measurements	were	 associated	with	 GMs	 at	 3	months	
post	 term.	 Since	 we	 found	 abnormal	 GMs	 at	 term	 in	 half	 of	 our	 study	 group,	 GMs	
seem	to	normalize	between	term	and	3	months	post	term.	Similarly,	Zuk	et	al.	 found	
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that	out	of	32	growth	restricted	infants,	16	had	abnormal	GMs	at	term	and	7	of	them	
normalized	at	9-11	weeks	post	term	(one	infant	dropped	out).(6)	Bos	et	al.	also	found	
that	the	majority	of	growth	restricted	infants	with	abnormal	GMs	at	preterm	and	term	
period	 had	 normalized	 at	 approximately	 3	months	 post	 term.(5)	 In	 Zuk’s	 study,	 all	
of	 the	7	 infants	with	normalized	GMs	had	a	normal	neurodevelopmental	outcome	at	
2	 years.	However,	 abnormal	GMs	 in	preterm	 infants	 recorded	prior	 to	 8	weeks	post	
term,	despite	normalization	later	on,	are	associated	with	a	lower	IQ	at	school	age.(20)	
Apparently,	 in	spite	of	normalization,	abnormal	GMs	at	term	in	FGR	infants	may	be	a	
re�lection	of	possible	brain	damage.	More	speci�ically,	abnormal	GMs	around	term	are	
associated	with	 cerebral	white	matter	 pathology.(21)	We	 speculate	 that	 FGR	 infants	
with	normalization	of	GMs	 from	term	to	3	months	post	 term	are	still	at	 risk	of	 later	
cognitive	delay	and	subtle	brain	dysfunction.	
	 Associations	between	UA,	MCA,	and	CPR	and	GMs	at	day	7	seem	to	be	mainly	due	to	
the	term	FGR	group.	We	performed	extra	analyses	for	preterm	and	term	FGR	groups	
separately,	 and	 found	 that	 in	 the	 term	 group,	 associations	were	 even	 stronger	 than	
in	the	entire	group,	whereas	in	the	preterm	group	associations	were	weaker	and	lost	
signi�icance.	 One	 possible	 explanation	 is	 a	 higher	 incidence	 of	 comorbidity	 in	 the	
preterm	 group.(22)	 Serious	 complications	 in	 the	 �irst	 days	 after	 birth	 may	 induce	
abnormal	GMs,	and	obscure	the	original	association	between	Doppler	measurements	
and	GMs.	Conversely,	infants	born	at	term	after	FGR	are	less	likely	to	have	comorbidity,	
since	their	FGR	was	mild	enough	to	allow	a	 full-term	pregnancy.	 In	these	cases,	GMs	
purely	re�lect	the	neonatal	neurological	status.	
	 In	 previous	 studies	 DV	was	 predictive	 of	 poor	 neonatal	 outcome,(2,23)	 postnatal	
brain	function	seems	to	be	positively	in�luenced	by	a	clinical	management	of	FGR	based	
on	DV	changes.(24)	GMs	on	day	7	to	3	months	post	term	were	not	associated	with	DV	in	
our	study.	Therefore,	we	believe	that	abnormality	in	DV	�low,	a	late	event	only	present	in	
early	and	severe	FGR,	may	have	a	more	complex	relationship	with	neurological	outcome,	
than,	for	instance,	a	long	lasting	abnormal	cerebral	perfusion.(19)	An	unexpected	and	
inexplicable	�inding	was	that	the	proportion	of	cases	with	abnormal	DV	PI	in	the	term	
group	was	higher	than	the	proportion	of	abnormal	UA	PI.	
	 We	recognize	several	strengths	and	 limitations	 in	this	study.	A	strength	 is	 that	we	
performed	 an	 extensive	 postnatal	 neurological	 follow-up,	 until	 3	 months	 post	 term	
age.	A	limitation	may	be	the	heterogeneity	of	the	group	(early	and	late	FGR,	variable	
severity	of	 the	condition),	preventing	statistically	signi�icant	associations.	Because	of	
the	 inclusion	 criteria	 (abdominal	 circumference	 below	 the	 10th	 centile,	 or	 de�lecting	
growth	pattern),	the	study	group	consists	mainly	of	mild	FGR,	as	suggested	by	the	fact	
that	only	one	case	had	absent	FMs	at	3	months	post	term	age.
	 Our	 �indings	might	have	 clinical	 implications.	Despite	 the	 loss	of	 association	with	
Doppler	 measurements	 in	 the	 �idgety	 period,	 normalization	 of	 GMs	 from	 term	 to	
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3	months	post	 term	might	 still	be	a	 risk	 factor	 for	 subtle	brain	dysfunction.	Medical	
caregivers,	such	as	neonatologists,	general	paediatricians,	and	nurses	should	be	aware	
of	the	consequences	of	fetal	brain	sparing	in	infants	born	after	FGR.

Conclusion

This	is	the	�irst	report	on	the	association	between	fetal	Doppler	parameters	and	GMs	in	
FGR.	UA,	MCA,	and	CPR	are	strongly	associated	with	GMs	on	day	7,	but	the	association	
is	no	longer	evident	at	3	months	post	term	age.	Brain	sparing	in	particular	associated	
strongly	with	abnormal	quality	of	GMs.
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Abstract

Background	
Our	 aim	was	 to	 determine	 functional	 outcome	 of	 very	 preterm-born	 and	 small-for-
gestational-age	(SGA)	children	as	compared	with	matched	controls	at	school	age.	

Methods
We	 included	 28	 very	 preterm	 SGA	 children	 (GA	 <32wk,	 birth	 weight	 (BW)	 <10th	
percentile),	 born	 in	2000–2001.	We	also	 included	28	very	preterm	but	 appropriate-
for-gestational-age	(AGA)	children,	matched	for	GA,	gender,	and	birth	year,	as	controls.	
We	assessed	motor	skills,	 intelligence	quotient	(IQ),	attention,	verbal	memory,	visual	
perception,	visuomotor	integration,	executive	functioning,	and	behavior	of	both	sets	of	
children	at	school	age.	

Results
The	SGA	children	had	a	median	GA	of	29.7	wk	and	BW	of	888	g,	whereas	the	controls	
had	a	median	GA	of	29.4	wk	and	BW	of	1,163	g.	at	8.6	y,	the	median	total	IQ	of	the	SGA	
children	was	94	as	compared	with	95	in	the	controls	(not	signi�icant).	Performance	IQ	
was	signi�icantly	lower	in	SGA	children	(89	vs.	95,	P =	0.043),	whereas	verbal	IQ	was	
not	(95	vs.	95).	Total	motor	skills	(P =	0.048)	and	�ine	motor	skills	(P =	0.021)	were	
worse	in	SGA	children.	Furthermore,	SGA	children	scored	lower	on	selective	attention	
(P =	0.026)	and	visual	perception	(P =	0.025).	Other	scores	did	not	differ	signi�icantly	
between	groups.	

Conclusion
The	 differences	 we	 found	 between	 the	 groups	 were	 small.	 This	 suggests	 that	 the	
impaired	functioning	of	very	preterm–born	SGA	children	is	attributable	to	their	having	
been	born	very	preterm	rather	than	to	being	SGA.	
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Introduction

It	has	been	shown	that	children	who	are	born	very	preterm	(<32wk	of	gestation)	are	
at	 increased	 risk	 of	 impaired	 neurodevelopmental	 outcome.(1–4)	 In	 addition,	 it	 has	
been	shown	that	children	born	small	for	gestational	age	(SGA)	are	also	at	risk	for	poor	
neurodevelopmental	 outcome.(5,6)	 This	 holds	 good	 for	 SGA	 children	 born	 at	 term	
and	 also	 for	 those	born	preterm	 (<37wk).(5)	 Lower	 intelligence	quotients	 (IQs)	 are	
reported	in	full	term	and	moderately	preterm	SGA	children	in	particular.(7,8)	It	would	
be	interesting	to	ascertain	whether	similar	domains	are	affected	in	very	preterm	SGA	
children,	 given	 that	 the	pathophysiologic	mechanisms	 relating	 to	brain	development	
may	 be	 different	 in	 these	 infants.	 Studies	 on	 very	 preterm	 SGA	 children	 are	 scarce,	
and	the	 �indings	are	contradictory.	Some	studies	report	 lower	IQ	scores	(6,9,10)	and	
more	behavioral	problems	or	attention	de�icits	in	these	children	(9)	as	compared	with	
controls,(6)	whereas	others	have	found	no	differences	as	regards	behavioral	problems	
and	attention	de�icits	(6,10).	Cognitive	impairment	was	restricted	to	verbal	IQ	only.(10)	
Several	speci�ic	neuropsychologic	functions	such	as	motor	skills,	executive	functioning,	
memory,	visuomotor	integration,	and	visual	perception	were	not	studied.	Furthermore,	
these	 follow	-up	studies	 in	very	preterm	SGA	children	were	performed	at	a	relatively	
young	 age,	 i.e.,	 up	 to	 the	 age	 of	 5	 y.	 For	 determining	 functional	 outcome,	 however,	
neuropsychological	tests	performed	at	school	age	are	more	reliable.(1)	At	school	age,	
functional	 demands	 are	 higher	 than	 at	 preschool	 age.	 In	 addition,	 from	~6	 y	 of	 age	
onward,	a	larger	variety	of	tests	are	available	for	assessing	various	motor,	cognitive,	and	
behavioral	domains.	Finally,	because	schoolchildren	are	used	to	tests	at	school,	they	are	
more	compliant	in	test	situations.	Therefore,	testing	functional	outcome	is	likely	to	be	
both	reliable	and	valid	at	school	age.	
	 As	yet,	knowledge	on	 the	 functional	outcomes	 in	SGA	children	born	very	preterm	
is	 limited.	We	 expect	 that	 their	 functional	 outcomes	would	 be	 poorer	 than	 those	 of	
very	preterm	but	 appropriate	for	gestational	age	 (AGA)	 children.(6,9,10)	The	question	
is	whether	 this	 poor	 functional	 outcome	 at	 school	 age	 can	 be	 attributed	 to	 preterm	
birth	alone,	or	whether	being	born	SGA	poses	additional	risks.	Our	aim	was	therefore	
to	assess	 the	performance	of	very	preterm–born	and	SGA	children	 in	various	motor,	
cognitive,	and	behavioral	domains	and	 to	compare	 their	performances	with	 those	of	
very	preterm–born	AGA	controls	at	school	age.	
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Methods

Patients 
This	 was	 a	 case–control	 study.	 As	 cases,	 we	 included	 children	 born	 very	 preterm	
(<32wk	GA)	who	were	also	SGA,	de�ined	as	having	a	BW	lower	than	the	10th	percentile	
(z score	−1.28)	of	the	Dutch	Kloosterman	growth	charts.(11)	At	birth,	these	children	
had	been	admitted	to	the	NICU	of	the	University	Medical	Center	Groningen	during	the	
years	2000	and	2001.	We	found	these	case	children	by	searching	the	patient	database	
on	the	basis	of	the	diagnoses	“SGA”	and	“IUGR.”	Those	with	chromosomal	and	congenital	
abnormalities	 were	 excluded.	 As	 controls,	 we	 included	 very	 preterm–born	 children	
(matched	for	age	and	gender	with	the	case	children)	who	had	also	been	admitted	to	
the	same	NICU	during	the	same	period,	with	birth	times	closest	(either	before	or	after)	
to	each	SGA	case	but	with	BWs	that	were	AGA.	Clinical	characteristics	such	as	Apgar	
scores	and	head	circumference	(HC)	at	birth	were	collected	from	the	medical	�iles.	The	
study	was	approved	by	the	Medical	Ethics	Committee	of	the	University	Medical	Center	
Groningen.	

Testing procedure 
This	 was	 a	 hypothesis	generating	 study.	 Therefore,	 tests	 on	 multiple	 domains	 were	
performed.	All	 the	parents	gave	 their	written	 informed	consent	 to	participate	 in	 the	
follow-	up	program.	
	 Follow-	up	 consisted	 of	 a	 battery	 of	 tests	 that	 took	~2.5	 h	 to	 complete,	 including	
breaks.	The	tester	was	blinded	as	to	the	diagnosis	of	SGA	in	the	children.	During	these	
visits	we	also	measured	the	children’s	HC,	which	we	transformed	into	z scores.	During	
testing,	the	child	was	in	a	separate	room	with	the	tester,	while	one	or	both	of	the	parents	
were	�illing	out	questionnaires	in	another	room.	Test	scores	generated	when	a	child	was	
too	tired	and/or	uncooperative	(as	assessed	by	the	trained	tester)	were	excluded,	as	
were	those	accompanied	by	incomplete	questionnaires.	

Cognitive measures 
Before	testing	the	children,	we	�irst	determined	whether	the	children	attended	regular	
school	 or	 received	 special	 education,	 and	whether	 they	 had	 repeated	 classes	 at	 any	
time.	Cognitive	outcome	was	assessed	using	several	standardized	tests.	
	 A	 short	 form	 of	 the	 Wechsler	 Intelligence	 Scale	 for	 Children,	 3rd	 edition,	 Dutch	
version,	was	used	to	determine	intelligence.(12,13)	We	calculated	total	IQ	on	the	basis	
of	the	verbal	IQ	and	performance	IQ	subtests.	Selective	attention	and	attentional	control	
were	measured	using	two	subtests,	“Map	Mission”	and	“Opposite	Worlds,”	of	the	Test	
of	 Everyday	 Attention	 for	 Children.(14)	We	 assessed	 verbal	 memory	 using	 the	 Rey	
Auditory	Verbal	Learning	Test.(15)	This	test	consists	of	a	15	word	list	that	is	repeated	
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to	the	child	�ive	times.	After	each	trial	we	tested	immediate	recall.	Delayed	recall	was	
assessed	after	an	interval	of	20	min.	For	assessing	visual	perception	and	visuomotor	
integration,	we	used	 two	 subtests,	 “Geometric	Puzzles”	 and	 “Design	Copying,”	 of	 the	
Neuropsychological	Assessment,	2nd	edition.(16)	Executive	functioning	in	daily	life	was	
assessed	using	the	Behavior	Rating	Inventory	of	Executive	Function	questionnaire,(17)	
which	was	�illed	out	by	the	parents.	

Motor measures 
Motor	outcome	was	assessed	using	the	Movement	ABC.(18)	This	is	a	standardized	test	
that	measures	total	motor	performance	based	on	subscores	for	manual	dexterity	(�ine	
motor	 skills),	 ball	 skills,	 and	 static–dynamic	 balance	 (coordination).	 The	 higher	 the	
score,	the	poorer	the	outcome.	

Behavioral measures 
We	used	two	questionnaires	to	assess	the	children’s	behavior.	Emotional	and	behavioral	
problems	were	assessed	using	the	CBCL.(19)	Symptoms	of	ADHD	were	assessed	using	
the	Dutch	ADHD	questionnaire.(20)	

Potential confounders 
To	estimate	the	degree	of	illness	experienced	by	the	children	during	the	neonatal	period,	
we	used	two	scoring	systems.	These	were	the	Nursery	Neurobiologic	Risk	Score	(21)	and	
the	SNAP	II.(22)	The	Neurobiologic	Risk	Score	estimates	the	degree	of	illness	during	the	
entire	period	of	admission	and	is	based	on	pH	value,	the	need	for	mechanical	ventilation,	
and	the	presence	of	brain	white	matter	abnormalities,	infections,	convulsions,	cerebral	
hemorrhages,	and	hypoglycemia.	The	SNAP	II	assesses	severity	of	illness	on	the	�irst	day	
of	life.	It	is	based	on	blood	pressure,	lowest	temperature,	PO2/FiO2	(fraction	of	inspired	
oxygen)	 ratio,	 lowest	 serum	pH,	 the	presence	of	multiple	 seizures,	 and	urine	output	
during	the	�irst	24	h.	
	 We	 also	 considered	 SES	 as	 a	 possible	 confounder.	 SES	 was	 determined	 using	 a	
classi�ication	 of	 occupations	 developed	 in	 The	Netherlands.(23)	We	 categorized	 SES	
into	three	classes	based	on	the	parents’	occupations,	taking	the	higher	of	the	occupation	
levels	 of	 the	 two	 parents	 of	 each	 child.	 Class	 1	 corresponds	 with	 the	 lower	level	
occupations,	class	3	with	higher	level	occupations.	

Statistical analysis 
SPSS	 16.0	 software	 for	 Windows	 was	 used	 for	 all	 data	 analyses.	 IQ	 scores	 were	
calculated	on	the	basis	of	the	mean	scores	on	the	verbal	and	performance	subtests	of	
the	Wechsler	Intelligence	Scale	for	Children.	We	used	norm	scores	from	the	manuals	
for	 cognitive	 outcome	 (Test	 of	 Everyday	 Attention	 for	 Children,	 Auditory	 Verbal	
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Learning	 Test,	 Neuropsychological	 Assessment),	 motor	 outcome	 (Movement	 ABC),	
and	 the	 questionnaires	 (ADHD	 questionnaire,	 CBCL,	 Behavior	 Rating	 Inventory	 of	
Executive	Function).	Percentiles	on	the	standardization	samples	of	the	Movement	ABC	
and	 each	 cognitive	 test	were	 used	 to	 classify	 scores	 into	 normal	 (>15th	 percentile),	
borderline	(5th	to	15th	percentile),	and	abnormal	(<5th	percentile).	We	used	a	similar	
classi�ication	for	the	CBCL,	Behavior	Rating	Inventory	of	Executive	Function,	and	ADHD	
questionnaires,	on	the	basis	of	the	criteria	set	out	in	the	manuals.	We	transformed	the	
raw	total	motor	scores	of	 the	Movement	ABC	 into	percentiles	and	subsequently	 into	
z scores,	in	accordance	with	the	instructions	in	the	manual.	We	did	so	to	do	justice	to	
the	variability	in	the	motor	skills	of	the	group	of	children	below	the	1st	percentile	who,	
while	showing	a	wide	range	of	raw	total	motor	scores,	could	not	be	differentiated	on	the	
basis	of	the	percentiles.	Where	appropriate,	we	used	the	Mann	Whitney	U	test,	Fisher’s	
exact	 test,	 and	χ2	 test	 for	 trend	 to	 test	 for	differences	between	 the	case	and	control	
groups,	both	for	outcome	measures	and	for	potential	confounders.	We	used	Spearman’s	
rank	 correlation	 to	 test	 the	 correlation	 between	 clinical	 characteristics	 (e.g.,	 HC	 z 
scores	at	birth)	and	confounders	on	the	one	hand,	and	cognitive,	motor,	and	behavioral	
outcome	scores	on	the	other.	We	also	tested	whether	SGA	children	with	brain	sparing	
(de�ined	as	HC	z scores	−	BW	z scores	>0.75	SD)	had	different	outcomes	as	compared	to	
SGA	children	without	brain	sparing.	Throughout	the	analyses,	P <	0.05	(two	tailed)	was	
considered	to	be	statistically	signi�icant.	
	 We	 used	 univariate	 logistic	 regression	 analyses	 to	 calculate	 ORs	 for	 abnormal	
outcomes	according	to	group.	We	did	so	twice:	�irst	we	took	borderline	and	abnormal	
outcomes	together	vs.	normal	outcome,	and	next	we	took	abnormal	outcome	vs.	normal	
and	borderline	outcomes.	We	then	performed	multivariate	logistic	regression	analyses.	
In	the	multivariate	model,	we	included	the	potential	confounders	that	were	associated	
with	group	allocation	or	outcome	measures	at	P ≤	0.1.	 SES	was	also	 included	 in	 the	
multivariate	model.	We	decided	to	report	all	ORs	with	P ≤	0.1,	both	in	the	univariate	and	
in	the	multivariate	models.	

Results

In	2000	and	2001,	a	total	of	275	very	preterm	children	were	admitted	to	the	neonatal	
intensive	are	unit	(NICU)	at	our	hospital.	Among	this	group,	56	children	were	SGA,	18	
(32%)	of	whom	died	in	the	neonatal	period.	Of	the	survivors,	�ive	children	were	excluded	
because	 of	 major	 chromosomal	 and	 con		 genital	 abnormalities	 (one	 child	 with	 XXY	
syndrome,	one	child	with	congenital	upper	airway	obstruction	requiring	tracheotomy,	
and	three	children	with	cardiac	defects,	i.e.,	tetralogy	of	Fallot,	truncus	arteriosus,	and	
atrium	septal	defect	with	a	large	left	to	right	shunt).	The	other	33	children	were	eligible	
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for	follow-	up.	Of	these,	we	were	unable	to	trace	three	children,	and	the	parents	of	two	
other	children	declined	to	participate.	We	therefore	had	28	(85%)	children	in	the	follow	
-up	program.	
	 As	 controls	 we	 included	 28	 very	 preterm–born	 AGA	 children	 free	 of	 congenital	
abnormalities	admitted	in	2000	and	2001	to	our	hospital’s	NICU.	

Patient characteristics 
In	Table	1,	we	present	an	overview	of	the	patient	demographics	of	the	SGA	case	children	
and	the	AGA	control	children.(11,24)	The	�ive	SGA	children	who	did	not	participate	in	the	
study	had	similar	GA	and	birth	weight	(BW)	values	(median	30.1	wk,	930	g,	respectively)	
to	those	of	the	28	SGA	children	we	included.	At	follow	-up	at	2	y	of	age	the	neurologic	
�indings	were	normal	 in	all	 these	 �ive	children.	The	parents	of	 two	children	reported	
behavioral	problems,	and	one	child	showed	a	language	delay.	The	SGA	children	who	died	
in	the	neonatal	period	had	a	median	GA	of	29.1	wk,	BW	730	g,	and	HC	of	24.5	cm.	
	 The	demographics	of	the	children	in	the	study	did	not	differ	between	groups,	apart	
from	 the	 fact	 that	 100%	of	 the	 SGA	 children	were	 delivered	 by	 cesarean	 section	 as	
compared	with	61%	 in	 the	AGA	group.	The	HC	at	birth	was	 lower	 in	 the	SGA	group	
than	 in	 the	AGA	group.	 In	11	of	 the	SGA	children	 (39%),	z scores	of	HC	were	below	
−1.28,	 i.e.,	 below	 the	10th	percentile,	whereas	17	 (61%)	had	normal	HC	values.	The	
Score	 for	 Neonatal	 Acute	 Physiology,	 second	 version	 (SNAP	II)	 scores	 of	 the	 SGA	
children	also	appeared	to	be	slightly	higher,	indicating	greater	severity	of	illness;	how		
ever,	this	difference	fell	just	short	of	signi�icance	(Table	1).	Retinopathy	of	prematurity	
(maximum	stage	II	without	plus	disease)	occurred	in	four	children	in	the	SGA	group	and	
in	one	child	in	the	AGA	control	group.	None	of	these	children	became	blind.	
	 The	median	age	at	follow	-up	for	this	study	was	8.6	y	(interquartile	range	8.3–9.1).	
By	this	time,	the	median	z scores	of	the	HC	according	to	age	were	−0.91	(interquartile	
range	−1.55	to	−0.24)	in	the	SGA	children,	and	−1.05	(interquartile	range	−1.60	to	0.29)	
in	the	AGA	children	(not	signi�icant).	
	 None	of	the	children	developed	cerebral	palsy.	

Cognitive outcome 
Of	the	28	children	included	in	the	SGA	case	group,	24	(86%)	attended	regular	schools	
and	 4	 (14%)	 received	 special	 education,	 3	 of	 them	 because	 of	 learning	 dif�iculties	
and	1	because	of	developmental	coordination	disorder.	In	addition,	9	(32%)	of	the	28	
children	had	had	to	repeat	a	class	or	classes	in	elementary	school	(starting	at	the	age	
of	4	y)	at	least	once.	One	child	in	the	AGA	control	group	received	special	education	and	
all	the	others	went	to	regular	schools.	Of	the	28	control	children,	9	(32%)	had	had	to	
repeat	a	class	or	classes.	Neither	the	level	of	education	nor	the	repeating	of	classes	was	
signi�icantly	different	between	the	two	groups.	
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Table 1. Patient demographics

SGA Controls P value

Number 28 28

Male/Female 19/9 19/9 NS

Gestational	age	in	weeks 29.7	(28.5-30.6) 29.4	(27.8-30.3) NS

Birth	weight	in	grams 888	(766-1068) 1163	(1079-1442) <.001
Birth	weight	z	scorea -1.53

(-1.99	to	-1.38)
-0.57

(-1.06-0.11)
<.001

Head	circumference	at	birth	in	cm	(28/27) 26.4	(24.9-27.0) 26.5	(25.6-28.0) .090

Head	circumference	at	birth	z	scoreb	(28/27) -1.0	(-1.4	to	-0.5) -0.2	(-0.7-0.3) .001

SES 2	(2-3) 2	(1-2)	 NS

					Low	(class	1) 6 9

					Mid	(class	2) 14 13

					High	(class	3) 8 6

Twins 2 3 NS

Cesarean	section 28 17 <.001

Apgar	at	5	minutes 9	(8-9) 8.5	(8-9) NS

SNAP-II 14.5	(8-23.5) 12	(5-15.5) .088

NBRS 3	(3-4) 3	(2-4) NS

Late-onset	morbidity

					Retinopathy	of	prematurity 4 1 NS

					Necrotizing	enterocolitis	 1 2 NS

					Spontaneous	intestinal	perforation 2 1 NS

					Bronchopulmonary	dysplasiac 9 5 NS

					Late-onset	sepsis 9 8 NS

Cerebral	pathology

					Mild	GMH	(grade	1	and	2) 4 6 NS

					Severe	GMH	(grade	3	and	PVHI) - 1 NS

					PVE 7 7 NS

Resuscitation	at	birth	(26/28) 3 0 NS

Day	of	full	enteral	feeding	(26/28) 18.5	(14.8-23) 13	(11-17.8) .001

Data are expressed as median (percentile 25 and 75) or as absolute numbers. 
Abbreviations: SES socioeconomic status; SNAP score for neonatal acute physiology; NBRS nursery 
neurobiologic risk score; GMH germinal matrix haemorrhage; PVHI periventricular haemorrhagic infarction; 
PVE periventricular echodensity.
a. z score according to Kloosterman(11) 
b. z score according to Niklasson(12)
c. Bronchopulmonary dysplasia was defi ned as oxygen dependency at 36 weeks’ postmenstrual age
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Table 2. Cognitive, motor, and behavioral outcomes in SGA children as compared with controls

SGA
n=28

Controls
n=28

P value

Cognitive	outcome

					Total	intelligencea 94	(85-101) 95	(90-103) NS

					Verbal	intelligencea 95	(86-103) 95	(88-107) NS

					Performance	intelligencea 89	(81-95) 95	(88-105) .043

					Attentionb	(n=27/28)

										Selective	attention 16	(5-50) 50	(16-63) .026

										Attentional	control	 25	(9-63) 16	(6-63) NS

					Verbal	memoryb	(n=27/28)

											Immediate	recall	 38	(8-61) 44	(9-70) NS

											Delayed	recall	 37	(7-68) 37	(13-55) NS

					Visual	perceptionb	(n=26/26) 50	(28-63) 63	(50-84) .025

					Visuomotor	integrationb	(n=27/28) 51	(6-75) 51	(51-75) NS

					Executive	functioningc 44.5	(29.3-85.0) 37.5	(16.3-76.0) NS

Motor	outcomed

					Total	score 11.0	(7.9-17.9) 9.8	(5.0-14.5) NS

					Total	z	score -1.5	(-2.2	to	-1.2) -1.2	(-1.8-0.4) .048

										Manual	dexterity 6.3	(3.1-9.0) 3.3	(1.0-6.5) .021

										Ball	skills 3.0	(1.6-5.9) 2.5	(0.1-4.0) NS

										Static-dynamic	balance 2.8	(1.0-4.0) 2.3	(0.1-4.9) NS

Behavioral	outcomed

					Total	behavioral	problems 31.5	(17.3-51.8) 29.5	(10.3-48.5) NS

										Internalizing	problems 7.5	(4.0-11.0) 6.0	(1.0-12.5) NS

										Externalizing	problems 5.0	(1.3-10.5) 6.5	(1.0-14.5) NS

					Total	ADHD	scored	(n=28/27) 14.0	(7.3-28.0) 12.0	(6.0-17.0) NS

										Attention	de�iciency 4.0	(2.0-14.8) 3.0	(2.0-7.0) NS

										Hyperactivity 5.5	(3.0-9.8) 4.0	(1.0-8.0) NS

										Impulsiveness 4.0	(2.0-9.3) 4.0	(1.0-6.0) NS 

Data are given as median (percentile 25 and 75). NS; not signifi cant.
a. Intelligence quotients
b. Percentiles (low percentile means poor outcome)
c. Percentiles (high percentile means poor outcome)
d. Raw scores 
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Table 3. Cognitive, motor, and behavioral outcomes in SGA children as compared with controls, classifi ed as 
normal, borderline, or abnormal

SGA  n=28 Controls n=28 P value

Normal Borderline Abnormal Normal Borderline Abnormal

Cognitive	outcome

					Total	intelligence 21 4 3 26 2 0 .044

					Verbal	intelligence 23 2 3 26 2 0 NS

					Performance	intelligence 18 7 3 25 2 1 .045

					Attention

										Selective	attention	 15 8 5 22 6 0 .015

										Attentional	control 18 3 7 17 6 5 NS

					Verbal	memory

											Immediate	recall 19 6 3 21 2 5 NS

											Delayed	recall 18 6 4 20 4 4 NS

					Visual	perception	(n=26/26) 21 3 2 24 2 0 NS

					Visuomotor	integration 20 3 5 24 2 2 NS

					Executive	functioning 21 3 4 22 6 0 NS

Motor	outcome

					Total		 7 10 11 13 8 7 .081

										Manual	dexterity 9 8 11 16 7 5 .041

										Ball	skills 15 5 8 18 8 2 NS

										Static-dynamic	balance 14 8 6 17 5 6 NS

Behavioral	outcome

					Total	behavioral	problems 18 2 8 19 2 7 NS

										Internalizing	problems 18 4 6 20 1 7 NS

										Externalizing	problems 22 1 5 20 2 6 NS

					Total	ADHD	(n=28/27) 22 2 4 25 0 2 NS

										Attention	de�iciency 19 1 8 24 1 2 .046

										Hyperactivity 23 0 5 25 0 2 NS

										Impulsiveness 22 1 5 23 3 1 NS

Data are given as absolute numbers.  Normal was defi ned as >15th percentile, borderline as 5th to 15th percentile, 
and abnormal as <5th percentile. 
With regard to intelligence, normal was defi ned as IQ >85, borderline as IQ 70 to 85, and abnormal as IQ <70. 
NS; not signifi cant, P>.1.
ADHD, attention-defi cit hyperactivity disorder; NS, not signifi cant; SGA, small for gestational age.
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Table 4. Adjusteda odds ratios for impaired outcome of SGA children compared to controls

OR (95% CI)
Borderline /Abnormal 

versus Normal

P value OR (95% CI)
Abnormal versus 

Normal/Borderline

P
value

Cognitive	outcome

					Total	intelligence 3.44	(0.59-20.12) .171 b

					Verbal	intelligence NS b	

					Performance	intelligence 7.14	(1.44-35.38) .016 NS

					Attention

										Selective	attention 3.44	(1.02-11.65) .047 b	

										Attentional	control NS NS

					Verbal	memory

											Immediate	recall NS NS

											Delayed	recall NS NS

					Visual	perception	(n=26/26) NS b	

					Visuomotor	integration NS NS

					Executive	functioning NS b

Motor	outcome

					Total		 3.70	(1.02-13.41) .047 b	

										Manual	dexterity 2.81	(0.90-8.80) .076 2.25	(0.59-8.55) .232

										Ball	skills NS 5.28	(0.96-28.94) .055

										Static-dynamic	balance NS NS

Behavioral	outcome

					Total	behavioral	problems NS NS

										Internalizing	problems NS NS

										Externalizing	problems NS NS

					Total	ADHD	(n=28/27) NS NS

										Attention	de�iciency 4.09	(0.88-18.99) .072 5.24	(0.93-29.67) .061

										Hyperactivity NS NS

										Impulsiveness NS NS

Abbreviations: ADHD, attention-defi cit hyperactivity disorder; OR odds ratios; CI confi dence interval; NS not 
signifi cant (P>.1).
a. adjusted for SES and SNAP-II 
b. not possible to calculate due to empty fi elds
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	 In	Table	2,	we	present	 the	median	scores	on	cognitive	 tests.	One	child	 in	 the	SGA	
group	had	dif�iculties	with	all	cognitive	tests	because	of	very	low	intelligence,	as	seen	by	
IQ	scores	(total	IQ	<55).	In	two	SGA	children	and	two	AGA	controls,	the	visual	perception	
test	was	not	administered	reliably.	In	comparison	to	AGA	controls,	SGA	children	scored	
signi�icantly	lower	on	performance	IQ,	selective	attention,	and	visual	perception.	Scores	
on	total	and	verbal	IQ,	attentional	control,	verbal	memory,	visuomotor	integration,	and	
executive	functioning	did	not	differ	signi�icantly	between	the	groups.	
	 In	Table	3,	we	classi�ied	the	children’s	scores	into	the	categories	normal	(>15th	percentile),	
borderline	 (5th	 to	 15th	 percentiles),	 and	 abnormal	 (<5th	 percentile).	 The	 child	 whose	
neuropsychological	functions	could	not	be	assessed	because	of	very	low	intelligence	was	
classi�ied	as	“abnormal.”	Before	adjustment,	the	odds	ratios	(ORs)	for	impaired	outcome	in	
the	SGA	group	for	borderline/abnormal	vs.	normal,	were	4.33	(95%	con�idence	interval	(CI),	
0.81–23.10,	P =	0.086)	for	total	IQ,	4.63	(95%	CI,	1.11–19.26,	P =	0.035)	for	performance	IQ,	
and	3.18	(95%	CI,	0.99–10.23,	P =	0.053)	for	selective	attention.	The	ORs	for	abnormal	vs.	
borderline/normal	were	not	signi�icant.	In	Table	4,	we	present	the	ORs	after	adjustment	for	
SNAP	II	and	socioeconomic	status	(SES).	After	these	adjustments,	the	ORs	were	lower	for	
total	IQ	and	higher	for	performance	IQ	and	selective	attention.	
	 The	data	shown	in	Tables	3	and	4	con�irm	the	analyses	of	the	median	scores	as	shown	
in	Table	2,	except	with	respect	to	visual	perception.	Total	intelligence	was	signi�icantly	
lower	in	the	SGA	group	but	only	after	we	categorized	outcomes	in	this	domain.	

Motor outcome 
We	 were	 able	 to	 assess	 the	 motor	 skills	 of	 all	 the	 children,	 using	 the	 Movement	
Assessment	Battery	for	Children	(Movement	ABC).	Manual	dexterity	was	signi�icantly	
more	impaired	in	SGA	children	(Table	2).	The	total	scores	per	the	Movement	ABC	were	
also	higher	 (i.e.,	poorer)	and	reached	signi�icance	when	we	 transformed	them	 into	z 
scores.	Moreover,	a	greater	proportion	of	the	children	in	the	SGA	group	were	classi�ied	
as	 borderline	 or	 abnormal	 for	 total	 scores	 in	Movement	 ABC	 as	well	 as	 for	manual	
dexterity	 (Table	3).	Before	 adjustment,	 the	ORs	 for	 impaired	outcome	 in	 children	 in	
the	 SGA	 group	 for	 borderline/abnormal	 vs.	 normal	 were	 2.60	 (95%	 CI,	 0.84–8.07,	
P =	0.098)	for	total	motor	scores	and	2.82	(95%	CI,	0.95–8.38,	P =	0.063)	for	manual	
dexterity.	For	abnormal	vs.	normal/	borderline,	the	ORs	were	2.98	(95%	CI,	0.87–10.17,	
P =	 0.082)	 for	 manual	 dexterity	 and	 5.20	 (95%	 CI,	 0.99–27.23,	 P =	 0.051)	 for	 ball	
skills.	After	adjustment	for	SNAP	II	and	SES,	the	ORs	were	lower	for	manual	dexterity	
(abnormal	vs.	normal/	borderline),	higher	for	total	motor	outcome,	and	unchanged	for	
manual	dexterity	(borderline/abnormal	vs.	normal)	as	well	as	for	ball	skills	(abnormal	
vs.	normal/borderline)	(Table	4).	
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Behavioral outcome 
The	parents	of	all	the	children	�illed	out	details	in	the	Child	Behavior	Check	List	(CBCL).	
For	one	child	in	the	AGA	control	group,	the	results	of	the	attention	de�icit	hyperactivity	
disorder	 (ADHD)	 questionnaire	 were	 lacking	 because	 it	 had	 not	 been	 �illed	 out	
completely.	Median	scores	were	not	signi�icantly	different	between	the	groups	(Table	
2).	When	 the	 children	were	 classi�ied	 as	normal,	 borderline,	 or	 abnormal,	we	 found	
that	more	SGA	children	had	attention	de�icits	(Table	3).	Before	adjustment,	the	ORs	for	
attention	de�icits	in	the	SGA	children	were	3.79	(95%	CI,	0.90–15.97,	P =	0.070)	when	
classi�ied	as	borderline/abnormal	vs.	normal,	and	5.00	(95%	CI,	0.95–26.23,	P =	0.057)	
when	 classi�ied	 as	 abnormal	 vs.	 normal/borderline.	 The	 adjusted	 ORs	were	 slightly	
higher,	thereby	con�irming	these	�indings	(Table	4).	

Relation between functional outcome, head size at birth, and at follow-up
Within	the	group	of	SGA	children,	the	z scores	for	HC	at	birth	did	not	correlate	with	any	
of	the	outcome	measures,	apart	from	the	subscale	“Impulsiveness”	in	the	Dutch	ADHD	
questionnaire.	 Lower	z scores	of	HC	correlated	with	higher	 scores	on	 impulsiveness	
(Spearman’s	r =	−0.501,	P =	0.007).	No	differences	existed	between	SGA	children	with	
brain	sparing	and	those	without.	
	 The	 z scores	 of	 the	HC	 in	 children	 in	 the	 SGA	 group	 at	 follow-up	 correlated	with	
motor	 skills	 and	 behavior	 per	 the	 CBCL	 but	 not	 with	 scores	 on	 the	 cognitive	 tests.	
Lower	z scores	for	HC	correlated	with	poorer	scores	on	total	motor	skills,	in	particular	
static	and	dynamic	balance	(Spearman’s	r =	−0.415,	P =	0.039	and	r =	−0.517,	P =	0.008,	
respectively).	Manual	dexterity	and	ball	skills	did	not	correlate	with	head	size	at	follow-
up.	As	regards	behavior,	the	lower	z scores	for	HC	correlated	with	poorer	scores	on	total	
behavioral	problems	(r =	−0.520,	P =	0.008),	externalizing	problems	(r =	−0.410,	P =	
0.042),	and	internalizing	problems	(r =	−0.501,	P =	0.011).	

Discussion

The	aim	of	our	study	was	 to	assess,	at	 school	age,	 the	performance	 levels	 in	various	
motor,	cognitive,	and	behavioral	domains	in	children	who	had	been	born	very	preterm	
and	SGA,	and	to	compare	these	performance	levels	with	those	of	children	who	had	also	
been	born	very	preterm	but	with	body	weights	AGA.	We	found	that	the	SGA	children	
performed	less	well	on	performance	intelligence,	selective	attention,	visual	perception,	
and	motor	skills	(particularly	�ine	motor	skills)	as	compared	with	the	very	preterm	AGA	
group.	We	found	no	signi�icant	differences	as	regards	total	and	verbal	intelligence,	gross	
motor	skills	(balance	and	ball	skills),	verbal	memory,	visuomotor	integration,	executive	
functioning,	or	behavior.	



86

Chapter 5

	 With	regard	to	IQ,	the	differences	between	the	SGA	children	and	the	controls	were	
small.	Total	IQ	and	verbal	IQ	did	not	differ	between	the	groups,	and	only	performance	IQ	
was	~0.5	SD	lower	in	the	SGA	group.	Contrary	to	some	other	studies	that	had	reported	
lower	total	IQ	in	SGA	children,(6,9)	our	�indings	suggest	that	being	born	preterm	affects	
IQ	more	than	does	growth	restriction.	This	is	more	so	in	verbal	IQ	than	in	performance	
IQ	(10).	A	large	population	based	cohort	study	reported	follow-up	data	of	the	EPIPAGE	
cohort	at	5	y	of	age.(6)	Their	inclusion	rate	for	the	cognitive	tests	was	only	~65%.	This	
may	have	caused	bias	 in	 the	results.	Of	note,	 in	 the	EPIPAGE	cohort,	 lower	 IQs	were	
found	in	SGA	children	with	GA	29–32	wk,	whereas	there	was	no	such	�inding	in	SGA	
children	with	GA	24–28	wk.	Two	other	studies	that	found	a	poorer	total	and	verbal	IQ	
in	SGA	children	included	approximately	the	same	number	of	children	as	our	study	did.
(9,10)	One	of	these	studies	was	performed	in	children	3	y	of	age	(9)	and	the	other	in	
children	5	y	of	age.(10)	In	our	study,	the	children	were	tested	between	the	ages	of	7	and	
10	y.	By	implication,	this	may	mean	that,	as	they	grow	older,	very	preterm	SGA	children	
catch	up	on	intelligence	lag	but	not	on	performance	IQ.	
	 As	compared	with	the	controls,	 the	SGA	children	in	our	study	also	obtained	lower	
scores	on	selective	attention	and	visual	perception.	These	�indings	con�irm	the	data	from	
other	follow-up	studies	of	very	preterm	SGA	children.(5–7,9)	Apparently,	attention	is	a	
vulnerable	neuropsychological	domain	in	very	preterm	SGA	children.	Attention	is	also	
very	often	affected	in	SGA	children	born	moderately	preterm	or	at	full	term.(5,7)	Earlier,	
lower	scores	on	visual	perception	were	found	in	full	term	and	moderately	preterm	SGA	
children.(7)	
	 In	our	study,	we	found	that	�ine	motor	skills	in	particular	were	slightly	more	affected	in	
the	very	preterm	SGA	children.	In	a	study	that	used	a	standard	neurologic	examination,	
Guellec	et al. could	not	demonstrate	differences	in	motor	outcome	between	very	preterm	
SGA	cases	and	AGA	controls	assessed	at	the	age	of	5	y.(6)	Con�licting	results	on	outcome	
as	regards	motor	skills	have	been	reported	in	preterm	SGA	children	when	the	de�inition	
of	prematurity	is	extended	to	37wk	GA.(5)	Padilla	et al. found	no	differences	between	
SGA	cases	and	AGA	controls	with	respect	 to	either	gross	or	 �ine	motor	skills.(25)	By	
contrast,	Matilainen	et al. reported	 that	 both	 gross	 and	 �ine	motor	 skills	were	more	
impaired	 in	SGA	children.(26)	Other	studies	have	also	reported	 increased	 incidences	
of	spastic	motor	outcomes	and	gross	motor	impairment.(27,28)	Of	note,	in	our	study	
motor	skills	were	observed	to	be	affected	in	as	many	as	~50%	of	the	children	in	both	
the	SGA	and	AGA	groups.	This	suggests	that	GA	rather	than	growth	restriction	is	the	
major	determinant	of	the	risk	of	developing	impairment	in	�ine	motor	skills.(6)	
	 With	 regard	 to	 behavioral	 problems,	 we	 did	 not	 �ind	 any	 signi�icant	 differences	
between	the	two	groups	of	very	preterm	children.	An	earlier	study	had	reported	more	
behavioral	problems	 in	very	preterm	SGA	children,(29)	whereas	other	studies	 failed	
to	con�irm	these	�indings.(6,30)	As	regards	ADHD,	we	found	no	signi�icant	difference	
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between	the	SGA	children	and	the	controls.	This	is	in	line	with	the	results	of	previous	
studies.(6,10)	 A	 higher	 incidence	 of	 behavioral	 problems	 and	 ADHD	 is	 consistently	
found	 in	preterm	children	as	 compared	with	 children	born	at	 term,(1,3,31)	and	 this	
was	con�irmed	in	our	study.	
	 We	did	not	 �ind	 the	outcomes	 to	be	worse	 in	 the	 SGA	 children	as	 compared	with	
the	AGA	controls	in	such	cognitive	domains	as	verbal	memory,	verbal	IQ,	and	executive	
functioning.	Furthermore,	 the	percentage	of	 children	who	repeated	classes	 in	school	
was	similar	in	the	two	groups.	Cognitive	skills	have	very	rarely	been	assessed	in	children	
born	very	preterm	and	SGA;	most	studies	reporting	in	the	domains	of	cognitive	skills	
studied	SGA	children	born	up	to	37	wk	GA	or	those	born	full	term.	The	studies	reported	
poorer	 performances	 by	 these	 children	 with	 respect	 to	 these	 neuropsychological	
domains.(7,8,26,32)	In	our	study,	the	rates	of	abnormal	and	borderline	scores	in	nearly	
all	domains	exceeded	those	one	would	expect	in	a	normal	population.	
	 Although	 children	 born	 very	 preterm	 and	 SGA	 have	 poorer	 cognitive	 and	 �ine	
motor	outcomes,	the	differences	in	outcomes	as	compared	with	the	matched	controls	
(children	born	very	preterm	but	AGA)	were	 small,	 and	behavior	did	not	 seem	 to	be	
different	between	the	two	groups.	Very	preterm	birth	in	itself	is	associated	with	poor	
IQ,	 poor	 motor	 skills,(1,2,4)	 and	 behavioral	 problems.(31)	 Apparently,	 intrauterine	
growth	restriction	 (IUGR)	does	not	 contribute	much	 to	making	outcomes	worse.	We	
offer	two	explanations	for	this	�inding.	First,	our	study	group	consisted	of	children	born	
very	preterm	and	SGA.	Given	their	lower	BW,	SGA	infants	have	a	higher	mortality	rate	
than	AGA	infants	do.(6,33)	Therefore	very	preterm	SGA	children	who	do	survive	may	
have	been	 less	growth	restricted	 than	SGA	children	born	at	 full	 term.	Second,	 in	our	
group,	IUGR	occurred	rather	early	in	pregnancy,	as	was	re�lected	by	the	high	percent		
age	 of	 children	with	HC	 values	 lower	 than	 the	 10th	percentile.	 If	 growth	 restriction	
had	 occurred	 later	 in	 pregnancy,	 it	 could	 have	 led	 to	 other	 patterns	 of	 brain	 injury.	
We	speculate	that	these	two	factors	partly	explain	some	of	the	smaller	differences	in	
outcome	measures	between	SGA	cases	and	AGA	controls.	
	 Several	causes	may	lead	to	an	infant	being	born	SGA.	Some	of	these	are	congenital	or	
chromosomal	abnormalities,	pathology	of	the	placenta	(with	IUGR	as	a	consequence),	
and	being	constitutionally	small	because	of	the	short	stature	of	the	parents.	In	our	study,	
we	excluded	the	�irst	of	these	possible	causes,	and	therefore	the	study	group	consisted	
of	those	who	had	experienced	IUGR	and	those	who	were	constitutionally	small.	Both	
these	 factors	might	 slightly	delay	or	alter	brain	development	 in	utero,	 and	 therefore	
small	differences	in	functional	outcome	may	be	seen	between	very	preterm–born	SGA	
children	and	very	preterm–born	AGA	children.	
	 Nevertheless,	in	several	neuropsychological	domains	the	out		comes	we	found	in	the	
SGA	children	were	de�initely	poorer	than	in	the	AGA	controls.	The	most	striking	�indings	
were	 lower	 levels	 of	 performance	 IQ,	 selective	 attention,	 and	 �ine	 motor	 skills.	 We	
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considered	several	potential	explanations	for	our	�indings.	The	clinical	characteristics	
did	not	differ	between	the	groups,	apart	from	higher	SNAP	II	scores	in	the	SGA	group;	
indeed,	the	results	remained	similar	after	adjustment	for	SNAP	II	scores.	There	was	also	
a	signi�icant	difference	in	cesarean	section	rates	between	the	two	groups,	being	higher	
in	the	SGA	group.	This	suggests	that	the	SGA	children	experienced	signi�icantly	greater	
distress	in	utero than	the	controls	did,	possibly	contributing	to	the	observed	differences	
in	outcomes.	However,	Apgar	and	neurobiologic	risk	scores	did	not	differ	between	the	
groups.	Within	the	SGA	case	group,	we	could	not	demonstrate	an	association	between	
IQ	and	small	HC,	either	at	birth	or	at	 follow-up.	This	was	 in	 contrast	 to	 the	 �indings	
reported	by	Geva	et al.,	who	studied	neuropsychological	outcomes	of	mainly	full	term	
growth	restricted	 children.(7)	 However,	 small	 head	 size	 at	 follow-up	 appeared	 to	
have	some	association	with	behavioral	problems	and	 impaired	motor	skills.	Possibly	
decrease	in	neural	connectivity	and	in	the	complexity	of	the	neural	networks	played	a	
role	in	the	differences	we	found	between	very	preterm	SGA	and	AGA	children,	but	this	
is	highly	speculative.	
	 To	the	best	of	our	knowledge,	this	is	one	of	the	few	studies	that	reports	functional	
outcome	at	school	age	of	various	developmental	domains	 in	very	preterm–born	SGA	
children.	The	strength	of	our	study	is	that	a	large	array	of	neuropsychological	domains,	
relevant	 for	 everyday	 functioning,	 was	 tested.	 We	 took	 great	 care	 in	 selecting	 an	
appropriate	control	group.	Controls	were	matched	for	GA,	gender,	and	birth	year.	
	 We	also	recognize	some	limitations	of	our	study.	This	was	a	single	center	study,	and	
this	may	 limit	 the	generalizability	of	our	results.	We	reported	on	only	a	 small	group	
of	very	preterm	SGA	children.	Executive	functioning	was	assessed	only	by	means	of	a	
questionnaire.	We	used	the	parent’s	occupation	as	an	indicator	of	SES	instead	of	(for	
example)	education.	Nevertheless,	we	believe	that	the	�indings	in	our	cohort	represent	
the	functional	skills	and	disabilities	in	very	preterm	SGA	children	in	general.	
	 Our	 �indings	 suggest	 that	 care	 should	 be	 taken	 to	 closely	 monitor	 preterm	 SGA	
children	during	follow-up,	particularly	in	the	domains	of	attention,	performance	IQ,	and	
�ine	motor	 skills.	 Future	 research	 should	 focus	 on	 the	pathophysiological	 process	 of	
brain	development	in	IUGR,	and	on	the	prevention	of	these	functional	de�icits.	

Conclusion 

Very	 preterm–born	 SGA	 children	 performed	 worse	 on	 performance	 intelligence,	
selective	attention,	visual	perception,	and	motor	skills	(in	particular,	�ine	motor	skills)	
as	compared	with	matched	AGA	controls.	The	differences,	however,	were	small.	This	
suggests	that	 the	observed	impairment	 in	the	 functioning	of	very	preterm–born	SGA	
children	 is	attributable	 to	 their	very	pre		 term	birth	per se rather	 than	 to	being	SGA.	
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Our	data	also	suggest	that	very	preterm–born	SGA	children	should	be	followed-up	and	
screened	for	�ine	motor	and	attention	de�icits	at	school	age.	
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Abstract

Objective 
To	 compare	 functional	 outcomes	 of	 7-year-old	 (school	 age)	 children	 born	 small	 for	
gestational	age	(SGA;	ie,	a	birth	weight	z score	≤	-1	SD),	with	appropriate	for	gestational	
age	(AGA)	peers,	born	moderately	preterm	or	full	term.

Study design 
Data	 were	 collected	 as	 part	 of	 the	 Longitudinal	 Preterm	 Outcome	 Project	 study,	 a	
community-	 based,	 prospective	 cohort	 study	 of	 336	 AGA	 and	 42	 SGA	 born	 children	
(median	gestational	age	35	weeks,	range	31-41).	Of	the	SGA	children,	32	were	moderately	
preterm,	10	were	full	term;	of	the	AGA,	these	numbers	were	216	and	120,	respectively.	At	
6.9	years,	we	assessed	intelligence,	verbal	memory,	attention,	visuomotor	integration,	
and	 motor	 skills	 and	 we	 collected	 the	 parent-reported	 executive	 functioning.	 We	
compared	the	outcomes	of	the	SGA	children	with	those	of	their	AGA	peers.	

Results 
The	 performance	 of	 SGA	 children	was	 similar	 to	 that	 of	 their	 AGA	peers,	 except	 for	
attention	control	which	was	abnormal	more	often	 in	SGA	children	 (OR	3.99,	95%	CI	
1.32-12.12).	The	 IQ	of	 SGA	 children	was	3	points	 lower,	 but	 this	difference	 failed	 to	
reach	signi�icance.	

Conclusions 
At	school	age,	children	born	SGA	have	a	greater	risk	of	abnormal	test	scores	on	attention	
control	than	children	born	AGA,	independent	of	gestational	age.	Their	motor	and	many	
other	 cognitive	 functions	 are	 similar.	 The	 impact	 of	 these	 outcomes	 seems	 limited.	
Nevertheless,	the	consequences	for	school	performance	deserve	attention.
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Introduction

An	infant	born	small	for	gestational	age	(SGA)	is	considered	to	be	at	risk	of	impaired	
development	in	childhood.(1)	Reports	on	the	outcomes	of	SGA-born	children	vary	from	
minor	to	major	de�icits	in	comparison	with	their	appropriate	for	gestational	age	(AGA)	
peers.(2-7)	These	de�icits	may	lead	to	impaired	neurocognitive	outcome	at	school	age.
(8)
	 Another	 risk	 factor	 associated	 with	 impaired	 neurodevelopmental	 outcomes	
is	 preterm	 birth.(9,10)	 Very	 preterm	 birth	 (<32	 weeks’	 gestational	 age	 [GA])	 can	
cause	 serious	 perinatal	 complications	 and	 neurodevelopmental	 sequelae.(11)	 The	
combination	of	very	preterm	birth	and	born	SGA,	poses	an	additional	risk,(12)	but	to	
what	extent	is	still	under	debate.	Previously,	with	another	cohort,	we	found	that	children	
born	very	preterm	and	SGA	have	poorer	total	and	�ine	motor	skills,	selective	attention,	
and	visual	perception	compared	with	their	very	preterm,	AGA	peers.(13)	Another	study	
showed	lower	intelligence	in	the	very	preterm	SGA	children.(14)	

	 The	majority	of	SGA	children,	however,	are	born	moderately	preterm	(MPT)	or	full	
term	rather	than	very	preterm.	As	with	being	born	SGA,	MPT	birth	also	appears	to	be	a	
risk	factor	associated	with	impaired	outcome.(15-18)	The	additional	effects,	however,	of	
SGA	birth	in	MPTs	and	full	terms	on	neurodevelopment	are	not	yet	understood.	Previous	
studies	on	functional	outcomes	of	MPT	and	full	term	SGA	children	reported	con�licting	
results.(19-21)	Differences	in	outcomes	may	be	the	result	of	the	variety	of	subgroups,	
the	de�inition	of	SGA,	 the	 inclusion	of	preterm-born	or	 full	 term-born	children,	or	 to	
the	fact	that	most	were	single-center	studies.	Because	our	study	group	is	a	community-
based	cohort,	our	�indings	might	add	to	the	knowledge	on	neurodevelopment	of	MPT	
and	 full	 term-born	 SGA	 children.	 Our	 aim	was,	 therefore,	 to	 compare	 the	 functional	
outcomes	of	7-year-old	(school	age)	MPT	and	full	term	children	born	SGA	with	that	of	
their	AGA	peers	in	a	community-based	cohort,	while	taking	into	account	sex	and	GA.

Methods

This	study	was	part	of	the	Longitudinal	Preterm	Outcome	Project,	a	study	on	growth,	
development,	and	general	health	of	preterm-born	children.(22)	Children	were	recruited	
from	13	Dutch	Preventive	Child	Health	Care	Centers	at	 the	age	of	4	years.	From	this	
community-based	 cohort	 of	 45446	 children	 born	 during	 2002	 and	 2003,	 all	 1843	
preterms	(<36	weeks’	GA)	and	a	matched	random	sample	of	674	full	terms	(38-41+6	

weeks’	GA)	were	included.	The	matched	full	term	group	comprised	the	�irst	subsequent	
child	from	the	same	birth	year	as	a	preterm	born	child	with	a	GA	between	38+0	and	
41+6	weeks	that	was	�iled	after	each	second	preterm	child.	The	GAs	were	calculated	
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from	 the	 date	 of	 last	menstruation,	 and	 in	 the	majority	 of	 cases	 con�irmed	by	 early	
ultrasound	measurements.	We	excluded	children	with	major	congenital	malformations,	
congenital	infections,	or	syndromes.	
	 At	 7	 years	 of	 age,	we	 invited	 all	 children	 from	 the	 cohort	 to	 participate	who	 had	
participated	at	the	age	of	4	years	and	who	were	living	in	the	3	northern	provinces	of	The	
Netherlands	(Groningen,	Friesland,	and	Drenthe):	341	MPTs	(32-35+6	weeks’	GA)	and	
195	full	terms	(38-41+6	weeks’	GA).	The	parents	of	93	MPT	children	and	65	full	term	
children	could	not	be	 traced	or	 they	declined	to	participate	 in	 the	 follow-up,	 leading	
to	a	participation	percentage	of	71%.	We	found	no	signi�icant	differences	between	the	
outcomes	of	children	who	participated	in	the	present	study	and	those	who	dropped	out.	
Altogether,	248	born	MPT	(138	boys,	110	girls,	median	GA	34	weeks)	and	130	full	term	
children	(58	boys,	72	girls,	median	GA	40	weeks)	participated	in	our	study.	
	 For	the	present	study,	we	used	the	same	cohort	to	compare	the	functional	outcomes	
of	MPT	and	full	term	children	born	SGA	with	those	of	their	AGA	peers.	We	categorized	
the	MPT	and	full	term	children	into	1	of	2	groups:	birth	weight	<	-1	SD	and	birth	weight	
>	-1	SD	according	to	GA	using	the	Dutch	Kloosterman	curve.(23)	We	took	a	somewhat	
lower	cut-off	for	SGA	(-1	SD,	below	the	16th	percentile)	according	to	the	�indings	of	the	
Etude	Epidemiologique	sur	les	Petits	Ages	Gestationnels	study,(24)	and	also	to	increase	
the	power	of	potential	differences	between	 the	groups.	We	denoted	 the	study	group	
(birth	weight	<	-1	SD)	as	SGA.	Of	42	SGA	children	32	(76%)	were	MPT,	and	10	(24%)	
were	full	term.	Eighteen	of	the	32	MPT	and	5	of	the	10	full	term	children	were	below	the	
10th	percentile.	
	 Medical	data	were	extracted	 from	hospital	charts.	The	study	was	approved	by	the	
Ethics	 Review	 Board	 of	 University	 Medical	 Center	 Groningen.	 Examinations	 were	
performed	 in	 accordance	 with	 the	 institutional	 and	 international	 ethical	 standards,	
with	written	informed	consent	from	all	parents.	
	 Children	and	their	parents	were	invited	to	visit	University	Medical	Center	Groningen	
or	 a	 well-baby	 clinic	 in	 their	 neighborhood	 for	 a	 3-hour	 assessment	 comprising	 a	
number	of	 standardized	neuropsychologic	 tests	 and	a	questionnaire.	Each	 child	was	
tested	 individually	by	a	 trained	psychologist,	who	was	blind	as	 to	group	assignment,	
whereas	the	parents	completed	the	questionnaire	in	the	waiting	room.	

Cognitive outcomes 
We	assessed	cognitive	outcomes	by	using	several	standardized	tests.	A	short	 form	of	
the	Wechsler	Intelligence	Scale	for	Children,	Third	Edition,	Dutch	version	was	used	to	
determine	 intelligence.(25,26)	We	 calculated	 total	 IQ	 on	 the	 basis	 of	 the	 verbal	 and	
performance	IQ	subtests.	We	measured	selective	attention	and	attention	control	with	
“Map	Mission”	and	“Opposite	Worlds,”	2	subtests	of	the	Test	of	Everyday	Attention	for	
Children.(27)	Selective	attention	refers	to	a	child’s	ability	to	select	target	information	
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from	an	 array	of	 distractors.	Attention	 control	 refers	 to	 the	 ability	 to	 shift	 attention	
�lexibly	 and	 adaptively.	 To	 assess	 verbal	 memory,	 we	 used	 Rey’s	 Auditory	 Verbal	
Learning	Test.(28)	It	consists	of	a	15-word	list	that	is	repeated	to	the	child	5	times.	After	
each	 trial,	we	 tested	 immediate	 recall.	 Delayed	 recall	was	 assessed	 after	 an	 interval	
of	 20	 minutes.	 To	 assess	 visuomotor	 integration,	 we	 used	 “Design	 Copying”	 of	 the	
Neuropsychological	Assessment,	Second	Edition.(29)	Visuomotor	integration	involves	
the	integration	of	visual	information	with	�inger-hand	movements.	
	 We	 used	 the	 Behavior	 Rating	 Inventory	 of	 Executive	 Function	 questionnaire,(30)	

which	was	 �illed	out	 by	 the	parents,	 to	 assess	 executive	 functioning	 in	daily	 life.	We	
transformed	 the	 percentile	 rank	 scores	 (high	 percentile	 means	 poor	 outcome)	 of	
the	 global	 executive	 composition	 score	 into	 percentiles	 (low	 percentile	means	 poor	
outcome).	We	did	this	to	present	all	outcome	measures	in	the	same	way.	

Motor outcome 
We	used	the	Movement	Assessment	Battery	for	Children	(Movement	ABC)(31)	to	assess	
motor	outcomes.	This	 is	 a	 standardized	 test	 that	measures	 total	motor	performance	
based	on	 subscores	using	Dutch	norms	 for	manual	dexterity	 (�ine	motor	 skills),	 ball	
skills,	and	static-dynamic	balance	(coordination).	The	greater	the	score,	the	poorer	the	
outcome.	

Statistical analyses 
MPT	and	 full	 term	groups	were	 combined	 for	 analyses.	We	 tested	 the	differences	 in	
patient	demographics	between	SGA	and	AGA	groups	with	the	Mann-Whitney	U	test	or	
the	χ2	 test	where	appropriate.	Regarding	 functional	outcomes,	we	 tested	differences	
in	 continuous	 outcome	 scores	 between	 the	 SGA	 and	 AGA	 groups	 by	multiple	 linear	
regression	analyses.	Next,	we	adjusted	for	GA	(MPT/full	 term),	sex,	and	assessed	the	
interaction	of	SGA/AGA	by	GA	category.	GA	was	dichotomized	as	to	avoid	the	assumption	
of	 exponential	 associations	 between	 determinant	 and	 outcome,	 a	 peculiarity	 of	 the	
logistic	 model.	 Second,	 we	 classi�ied	 functional	 outcomes	 into	 3	 categories;	 normal	
(>15th	 percentile,	 IQ	 ≥85),	 borderline	 (5-15th	 percentile,	 IQ	 70-84),	 and	 abnormal	
(<5th	percentile,	 IQ	<70).	The	motor	outcome	classi�ication	was	based	on	 the	Dutch	
norms	in	the	manual.	Third,	we	calculated	OR	via	multiple	logistic	regression	analyses	
and	investigated	OR	for	borderline/abnormal	vs	normal	and	for	abnormal	vs	normal/
borderline	 outcomes.	 Next,	 we	 adjusted	 for	 GA	 and	 sex,	 and	 again	 assessed	 the	
interaction	of	 SGA/AGA	with	GA	 category.	We	adjusted	 for	GA	and	 sex	 as	 these	may	
act	as	confounders	even	if	they	do	not	differ	with	statistical	signi�icance	between	the	2	
groups.	
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Results

In	Table	1,	we	present	an	overview	of	the	background	characteristics	of	the	SGA	children	
vs	their	AGA	peers.	The	mean	age	at	 follow-up	was	6.9	years	(range	6.4-7.3).	Groups	
differed	 regarding	birth	weight,	head	circumference	at	birth	 (also	 z	 score),	 cesarean	
delivery,	and	hospital	admittance.	Of	the	378	children	in	the	cohort,	32	were	MPT	and	
SGA;	216	were	MPT	and	AGA;	10	were	full	term	and	SGA,	and	120	were	full	term	and	
AGA.	

Table 1. Participants’ background characteristics

SGA AGA P value

Number 42 336

Male 61.9 50.6 .192

GA,	wk 34.5	(32.0-40.0) 35.0	(31.0-41.0) .064

Birth	weight,	g 1696	(705-2970) 2655	(1350-5040) <.001

Birth	weight	z	score −1.3	(−2.6	to	−1.0) 0.3	(−1.0	to	4.0) <.001

HC	(179/378),	cm 30.0	(27.0-32.5) 32.0	(28.0-38.7) <.001

HC	z	score	*	(179/378) −1.0	(−2.6	to	0.3) 0.1	(−2.3	to	4.3) <.001

Maternal	height,	cm	(307/378) 168	(154-184) 170	(150-188) .107

SES	maternal,	% .564†

	Low 20.0 24.8

	Middle 37.5 40.4

	High 42.5 34.8

SES	paternal,	% .999†

	Low 30.0 30.0

	Middle 35.0 37.7

	High 35.0 32.3

Multiple	gestation,	% 25.0 15.8 .176

Cesarean	delivery	(356/378),	% 50.0 21.8 <.001

Apgar	at	5	min 10	(4-10) 10	(3-10) .593

Hospital	admittance,	d 23.5	(0.0-79.0) 11.0	(0.0-118.0) <.001

Mechanical	ventilation,	% 9.5 4.8 .210

HC, head circumference; SES, socioeconomic status.
Data are given as numbers, percentage, or median (range). Missing data are excluded in percentages.
In case of executive functioning, we only adjusted for GA, because scores on executive functioning are based 
on sex-specifi c norms.
* According to Niklasson.(32) 
† P value based on low vs middle/high
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Cognitive outcomes 
Despite	the	fact	that	on	average	both	performance	intelligence	and	verbal	intelligence	
were	3	IQ	points	lower	in	the	SGA	group,	this	�inding	was	not	statistically	signi�icant	
(Table	2).	On	average,	total	IQ	was	3	points	lower	in	SGA	children,	which	just	failed	to	
reach	signi�icance	when	unadjusted	(P	=	.051),	and	was	not	signi�icant	when	adjusted	
for	 GA	 and	 sex.	 This	 was	 the	 same	 for	 scores	 on	 visuomotor	 integration	 (P	 =	 .050	
unadjusted,	not	signi�icant	when	adjusted).	We	found	no	signi�icant	interaction	of	AGA/
SGA	with	GA-category	on	any	functional	outcome	measure.	

Table 2. Cognitive and motor outcomes in SGA and AGA children

Outcome domains SGA, n = 42 AGA, n = 336

Unadjusted Adjusted for group 
(preterm/full term) 

and sex

B Beta P value Beta P value

Cognitive	outcomes

	Total	intelligence* 99.3	(10.4) 102.5	(9.9) −3.2 −0.101 .051 −0.094 .067

	Verbal	intelligence* 101.4	(11.0) 104.7	(11.6) −3.3 −0.090 .080 −0.088 .091

	Performance	intelligence* 97.1	(12.6) 100.3	(12.1) −3.1 −0.081 .118 −0.072 .159

	Selective	attention† 40.6	(24.5) 36.9	(26.5) 3.8 0.045 .383 0.054 .303

	Attention	control† 52.2	(34.2) 55.0	(31.7) −2.8 −0.027 .596 −0.006 .900

	Verbal	memory:	immediate	recall† 59.1	(31.7) 54.2	(31.9) 4.9 0.048 .349 0.066 .200

	Verbal	memory:	delayed	recall† 49.1	(31.1) 49.1	(31.6) −0.03 0.000 .995 0.015 .769

	Visuomotor	integration‡ 7.6	(2.3) 8.3	(2.3) −0.7 −0.101 .050 −0.082 .102

	Executive	functioning† 60.7	(31.6) 65.1	(27.1) −4.3 −0.049 .340 −0.042 .417

Motor	outcomes

	Total	score† 51.4	(31.3) 50.1	(29.6) 1.3 0.013 .797 0.023 .653

	Manual	dexterity§ 1.3	(1.8) 1.1	(1.9) 0.13 0.022 .677 0.005 .924

	Ball	skills§ 1.6	(2.0) 2.0	(2.0) −0.49 −0.075 .148 −0.077 .142

	Static-dynamic	balance§ 1.6	(2.5) 1.4	(2.3) 0.19 0.025 .637 0.014 .786

Data are given as mean (SD).
* IQs.
† Percentiles; low percentile means poor outcome.
‡ Raw scores; greater scores indicate better outcomes.
§ Raw scores; lower scores indicate better outcomes.

	 In	 Figure	 1,	 we	 present	 the	 data	 on	 functional	 outcomes	 categorized	 as	 normal,	
borderline,	and	abnormal.	The	distribution	was	similar	for	SGA	and	AGA	children,	except	
for	attention	control	(1	of	2	subtests	of	attention).	In	comparison	with	AGA	children,	
the	performance	on	attention	control	of	SGA	children	was	abnormal	more	often	with	
OR	3.99	 (95%	CI	1.32-12.12),	which	 remained	signi�icant	after	adjusting	 for	GA	and	
sex	 (Table	 3).	 In	 SGA	 children,	 executive	 functioning	 was	 categorized	 as	 borderline	
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or	abnormal	more	often,	but	this	difference	failed	to	reach	signi�icance	(OR	2.50	95%	
CI,	0.95-6.60;	Table	4).	Again,	no	signi�icant	 interaction	existed	of	AGA/SGA	with	GA	
category	on	any	outcome	measure.	

Motor outcomes 
Motor	outcomes	did	not	differ	between	groups	(Tables	2-4).	Nevertheless,	if	we	classi�ied	
outcomes	and	calculated	OR,	either	unadjusted	or	adjusted	for	GA	and	sex,	SGA	children	
were	less	likely	to	score	borderline/abnormal	on	the	ball	skills	subscale	(Table	4),	but	
the	differences	failed	to	reach	signi�icance	when	adjusted.	The	interaction	of	SGA/AGA	
with	GA	category	also	was	not	signi�icant	on	any	functional	motor	outcome	measure.	

Figure 1. The distribution of children with cognitive and motor outcomes classifi ed as Normal (>15th percentile, 
IQ≥85), borderline (5-15th percentile, IQ 70-84), and abnormal (<5th percentile, IQ <70), including exact numbers.
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Figure 1. The distribution of children with cognitive and motor outcomes classifi ed as Normal (>15th percentile, 
IQ≥85), borderline (5-15th percentile, IQ 70-84), and abnormal (<5th percentile, IQ <70), including exact numbers.

Table 3. OR and aOR for cognitive and motor outcomes in SGA children compared with AGA children: Abnormal 
vs normal/borderline

Abnormal vs normal/borderline

OR P value aOR* P value

Cognitive	outcomes
	Total	intelligence − −
	Verbal	intelligence − −
	Performance	intelligence − −
	Selective	attention 0.67	(0.15-2.97) .602 0.61	(0.14-2.73) .521
	Attention	control 3.99	(1.32-12.12) .015 3.49	(1.13-10.79) .030
	Verbal	memory:	immediate	recall 0.40	(0.05-3.10) .384 0.38	(0.05-3.10) .380
	Verbal	memory:	delayed	recall 1.90	(0.52-6.96) .333 1.68	(0.22-2.23) .440
	Visuomotor	integration 1.82	(0.38-8.71) .455 1.53	(0.79-2.98) .210
	Executive	functioning 1.82	(0.38-8.71) .455 1.68	(0.35-8.08) .521
Motor	outcomes
	Total	score 0.48	(0.06-3.68) .477 0.41	(0.05-3.19) .394
	Manual	dexterity 1.19	(0.14-9.96) .870 1.00	(0.12-8.51) .999
	Ball	skills 1.00	(0.40-2.51) .996 0.98	(0.39-2.48) .967
	Static-dynamic	balance 1.30	(0.48-3.54) .610 1.34	(0.48-3.69) .576

−, not possible to derive because of empty cell.
Data are given as OR (95% CI).
* aOR: OR adjusted for GA (MPT/full term) and sex. In case of executive functioning, we adjusted only for GA, 
because scores on executive functioning are based on sex-specifi c norms.

Table 4. OR and aOR for cognitive and motor outcomes in SGA children in comparison with AGA children: 
borderline/abnormal vs normal

Borderline/abnormal vs normal

OR P value aOR* P value

Cognitive	outcomes
	Total	intelligence 1.81	(0.38-8.68) .458 1.55	(0.32-7.66) .588
	Verbal	intelligence 1.63	(0.34-7.68) .540 1.79	(0.37-8.58) .467
	Performance	intelligence 1.55	(0.56-4.26) .399 1.31	(0.47-3.67) .611
	Selective	attention 0.65	(0.28-1.53) .327 0.62	(0.26-1.45) .270
	Attention	control 1.36	(0.57-3.26) .487 1.17	(0.48-2.86) .725
	Verbal	memory:	immediate	recall 0.95	(0.38-2.36) .907 0.89	(0.35-2.24) .797
	Verbal	memory:	delayed	recall 0.98	(0.46-2.07) .950 0.88	(0.41-1.89) .735
	Visuomotor	integration 1.69	(0.89-3.21) .111 1.53	(0.79-2.98) .210
	Executive	functioning 2.50	(0.95-6.60) .064 2.36	(0.89-6.26) .085
Motor	outcomes
	Total	score 1.26	(0.55-2.89) .579 1.20	(0.51-2.79) .676
	Manual	dexterity 1.15	(0.33-4.02) .831 0.97	(0.27-3.47) .960
	Ball	skills 0.45	(0.20-0.99) .050 0.46	(0.20-1.02) .057
	Static-dynamic	balance 1.37	(0.64-2.95) .415 1.32	(0.61-2.87) .483

Data are given as ORs (95% CI).
* aOR: OR adjusted for GA (MPT/full term) and sex. In case of executive functioning, we adjusted only for GA, 
because scores on executive functioning are based on sex-specifi c norms.
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Discussion

Our	aim	was	 to	compare	 functional	outcomes	of	7-year-old	 (school	age)	MPT	and	 full	
term	children	born	SGA	with	their	AGA	peers	in	a	community-based	cohort	and	taking	
into	account	GA	and	sex.	The	outcomes	of	the	2	groups	were	similar,	except	for	attention	
control.	The	odds	of	SGA	children	to	have	abnormal	scores	on	attention	control	were	4	
times	greater	than	that	of	their	AGA	peers.	This	result	held	after	adjusting	for	GA	and	sex.	
One	should	be	aware,	however,	that	attention	control	only	differs	between	SGA	and	AGA	
when	categorized.	Because	no	differences	in	attention	control	were	found	in	the	linear	
analysis,	this	might	be	a	chance	�inding.	Furthermore,	the	risk	of	problems	on	selective	
attention,	the	other	aspect	of	attention	we	assessed,	did	not	differ	between	the	2	groups.	
	 Previously,	3	studies	reported	on	attention	with	con�licting	results.(20,21,33)	Leitner	
et	 al	 (21)	 investigated	 attention	 span	 and	 found	 poorer	 outcomes	 in	 SGA	 children	
consistent	with	our	�indings.	Emond	et	al,(20)	who	also	investigated	attention	control,	
found	no	differences.	They	compared	full	term	SGA	children	(birth	weight	1500-2500	
g)	 with	 full	 term	 controls	 (birth	 weight	 3000-3500	 g)	 at	 the	 age	 of	 8,	 whereas	 we	
studied	mainly	MPT-born	SGA	children.	This	possibly	explains	the	discrepancy	between	
the	�indings	of	Emond	et	al	(20)	and	ours.	Viggedal	et	al	(33)	found	no	differences	in	
attention	between	SGAs	and	their	AGA	peers.	They	used	a	different	test	from	the	one	
we	used	and	they	studied	the	SGA	children	at	24	years	of	age.	If	the	differences	between	
their	�indings	and	ours	were	not	based	on	test	speci�ics,	then	it	might	imply	that	our	
�inding—more	SGA	 children	with	 abnormal	 attention	 control—will	 diminish	as	 they	
grow	older.	
	 Regarding	intelligence,	the	mean	scores	of	total,	verbal,	and	performance	IQ	were	on	
average	3	IQ	points	lower	in	the	SGA	group,	yet	the	differences	failed	to	reach	statistical	
signi�icance.	These	 �indings	are	 in	 line	with	 those	of	Emond	et	al,(20)	who	reported	
a	 total	 IQ	4	points	 lower	 in	 the	SGA	group,	based	on	verbal	 IQ	 (3	points	 lower)	and	
performance	 IQ	 (5	points	 lower).	Yet,	 their	 �indings	also	 failed	 to	 reach	 signi�icance.	
Theodore	et	al	(34)	found	no	signi�icant	differences	in	IQ	at	7	years	between	full	term	
SGA	 children	 (birth	 weight	 <10th	 percentile)	 and	 controls.	 In	 a	 study	 on	 full	 term	
intrauterine	growth	restriction	(IUGR;	birth	weight	<5th	percentile)	children	at	6	years,	
performance	IQ	showed	the	greatest	outcome	differences	with	AGA	peers.(35)	Other	
studies	did	�ind	signi�icant	differences	in	IQ.(19,21,33,36)	Geva	et	al	(19)	and	Leitner	
et	al	(21)	reported	that	main	IQ	outcomes	were	10	points	lower	in	children	born	with	
IUGR;	birth	weight	<P10	and	proven	placenta	insuf�iciency.(19,21)	An	explanation	may	
be	that	the	impact	of	low	birth	weight	on	general	cognitive	development	is	smaller	than	
the	impact	of	IUGR.	
	 As	indicated	by	the	lower	scores	of	SGA	children,	their	visuomotor	integration	was	
more	affected	than	that	of	AGA	children.	Yet,	this	difference	failed	to	reach	statistical	
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signi�icance.	We	draw	attention	to	the	fact	that	the	scores	of	the	AGA	children	were	low	
in	comparison	with	the	standard	scores	in	the	population,	yet	in	the	SGA	group	they	were	
even	 lower.	These	results	were	similar	 to	 the	 �indings	of	previous	studies.(19,21,35)	
Because	visuomotor	integration	was	assessed	with	“Design	Copying,”	the	question	rises	
whether	the	average	poorer	scores	in	the	SGA	group	were	related	to	poorer	cognitive	
transformation	 of	 the	 visual	 information	 into	motor	 action	 (manipulating	 a	 pencil),	
or	to	a	�ine	motor	problem.	Like	Emond	et	al,(20)	we	found	no	differences	in	manual	
dexterity	(motor	outcome)	between	SGA	and	AGA	children;	thus,	we	assume	that	being	
born	SGA	affects	the	integration	of	visual	information	and	�ine	motor	functioning.	
	 Mean	total	scores	on	motor	functioning	were	similar	for	the	SGA	and	AGA	groups.	
Surprisingly,	 SGA	 children	 performed	 slightly	 better	 on	 the	 ball	 skill	 subtest.	 More	
speci�ically,	more	AGA	children	performed	in	the	borderline	range	(thus	poorer)	on	ball	
skills	than	the	SGA	group,	but	this	�inding	was	not	signi�icantly	different.	Apparently,	
the	ability	to	control	a	ball	is	not	affected	by	being	born	SGA.	This	unexpected	�inding	
was	also	reported	by	Evensen	et	al,	where	none	of	the	full	term	SGA	(<P10)	children	had	
abnormal	ball	skills	vs	3	of	71	full	term	controls	(Movement	ABC).(37)
	 Other	 long-term	 follow-up	 studies	 con�lict	 with	 our	 results:	 Emond	 et	 al	 (20)	

found	no	differences	 in	manual	dexterity,	whereas	they	did	 in	ball	skills	and	balance	
(Movement	ABC).	Conversely,	Sommerfelt	et	al	(38)	found	poorer	manual	dexterity	in	
their	study	group	and	no	differences	in	ball	skills	and	balance	(Peabody	Developmental	
Motor	Scales).	Differences	in	motor	outcomes	between	these	studies	and	ours	may	be	
explained	by	the	age	difference	of	the	groups	(14	vs	7	years)	and	by	the	type	of	tests	
used.	
	 Overall,	we	 found	 few	differences	between	SGA	children	and	 their	AGA	peers.	We	
offer	2	explanations.	One	concerns	the	de�inition	of	our	study	group.	We	de�ined	SGA	as	
birth	weight	<	-1	SD.	We	did	so	according	to	the	Etude	Epidemiologique	sur	les	Petits	
Ages	Gestationnels	study	(24);	Guellec	et	al	(24)	found	an	increased	risk	of	cognitive	
and	behavioral	 impairment	at	 the	age	of	5	years	 in	preterm	born	mild	SGA	children	
de�ined	as	10th-19th	percentile.	Therefore,	we	took	the	cutoff	below	-1	SD,	representing	
the	children	with	birth	weights	below	the	16th	percentile.	This	covers	a	larger	and	thus	
a	possibly	less	impaired	group	than,	for	example,	a	study	group	with	birth	weight	<P2.3	
(-2	SD).	Nevertheless,	with	SGA	de�ined	as	birth	weight	<	-1	SD,	we	still	found	one	aspect	
of	attention,	ie,	attention	control,	to	be	poorer	in	SGA	children	than	in	their	AGA	peers.	
The	 second	 explanation	 is	 that	 we	 may	 have	 included	 constitutionally	 small	 non-
IUGR	 children	 unintentionally,	 whereas	 others	 studied	 IUGR	 children	 speci�ically.	
Unfortunately,	we	did	not	have	access	to	prenatal	ultrasound	information	thus	we	were	
unable	to	distinguish	IUGR	from	SGA.	Maternal	height	was	2	cm	less	in	the	SGA	than	in	
the	AGA	group,	but	this	difference	was	not	statistically	signi�icant.	However,	this	does	not	
exclude	the	possibility	that	some	children	of	the	SGA	group	were	not	growth	retarded	
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but,	instead,	constitutionally	small.	Other	researchers,	such	as	Geva	et	al,	(19)	studied	
children	with	IUGR	and	found	larger	differences	in	functional	outcomes	at	school	age	
in	 comparison	 to	 controls.	 This	 result	might	 indicate	 that	 IUGR	 in	 particular	 affects	
outcome	more	than	SGA	itself.	Even	so,	it	is	of	great	importance	to	know	the	outcomes	
of	these	SGA	children,	because	it	is	not	always	possible	to	distinguish	between	IUGR	and	
SGA	after	birth.	Furthermore,	our	study	was	performed	in	a	community-based	cohort,	
which	is	possibly	the	best	representation	of	the	entire	population.	
	 Functional	outcome	differences	between	SGA	and	AGA	children	showed	no	interaction	
with	GA,	which	indicates	that	functional	outcomes	of	MPT	SGA	children	are	not	different	
to	those	of	full	term	SGA	children.	Over	the	GA	range	from	32	weeks	beyond	term	age,	we	
found	that	SGA	children	perform	poorer	only	on	attention	control.	This	may	be	different	
for	the	GA	range	younger	than	32	weeks.	Previously	we	reported	that	very	preterm	SGA	
children	had	poorer	functional	outcomes	at	school	age	than	their	AGA	peers,	on	several	
more	 domains,	 including	 performance	 IQ,	 selective	 attention,	 and	 visual	 perception.
(13)	This	�inding	indicates	that	being	born	SGA	may	have	more	impact	on	functional	
outcomes	in	children	born	before	32	weeks’	GA	than	in	those	born	after	32	weeks.	Of	
note,	some	measure	of	attention	was	affected	in	SGA	children	over	the	full	GA	range,	be	
it	selective	attention	or	attention	control.	
	 We	 recognize	 some	 limitations.	 The	 measurements	 at	 age	 7	 of	 the	 Longitudinal	
Preterm	Outcome	Project	cohort	originally	were	designed	to	investigate	MPT	children,	
comparing	 them	with	 full	 term	 controls.	 In	 this	 study	 we	 used	 the	 same	 cohort	 to	
compare	SGA	and	AGA	children,	among	both	MPT	and	full	term	children.	This	resulted	
in	a	rather	small	number	of	children	born	SGA,	particularly	for	the	GA	subgroups,	which	
has	limited	the	power	to	detect	small	differences.	Even	so,	to	the	best	of	our	knowledge	
this	 is	 one	of	 the	 few	 studies	 comparing	SGA	with	AGA	peers	 in	 a	population-based	
regional	cohort.	Another	limitation	is	the	fact	that	our	�indings	may	seem	inconsistent.	
For	example,	no	differences	were	found	in	attention	control	measured	as	a	continuous	
variable,	 but	 differences	were	 found	when	 this	 variable	was	 categorized	 in	 normal,	
subclinical,	and	abnormal.	Our	�indings	should	thus	be	interpreted	with	caution,	they	
could	be	based	on	chance	�indings.	It	might,	however,	also	be	that	the	distribution	of	the	
scores,	particularly	of	those	above	the	5th	percentile,	leads	to	nonsigni�icant	differences,	
whereas	the	numbers	of	individual	infants	with	scores	below	the	5th	percentile	indeed	
are	different.	If	so,	this	is	relevant	for	daily	practice.	
	 Because	 attention	 plays	 an	 important	 role	 in	 adequate	 school	 performance,(27)	

impaired	attention	control	in	SGA	children	may	affect	the	development	of	their	academic	
skills.	Clinicians	and	teachers	should	be	aware	of	this	possible	de�icit	in	the	cognitive	
pro�ile	of	MPT	and	full	term	children	born	SGA.
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This	thesis	comprises	studies	on	fetal	growth	restriction	(FGR)	from	the	prenatal	period	
to	school	age	with	the	emphasis	on	prenatal	and	neonatal	circulatory	adaptations	and	
neurological	outcome.	Our	�irst	aim	was	to	assess	prenatal	cardiac	function	in	FGR.	In	
Chapter	2,	therefore,	we	measured	longitudinal	annular	displacement	(LAD)	in	growth-
restricted	 fetuses.	 Our	 second	 aim	 was	 to	 determine	 whether	 prenatal	 ultrasound	
measurements	of	growth-restricted	 fetus	are	associated	with	early	and	 late	neonatal	
distribution	 of	 circulation	 and	 neurological	 functioning.	 Doppler	 pulsatility	 indices	
(PIs)	of	the	fetal	vessels	were	assessed	and	we	compared	them	with	neonatal	multisite	
near-infrared	spectroscopy	(NIRS)	(Chapter	3)	and	general	movements	(GMs)	(Chapter	
4).	 Our	 third	 aim	was	 to	 investigate	 functional	 outcome	 at	 school	 age	 of	 small-for-
gestational-age	 (SGA)	 children	 born	 very	 preterm	 on	 the	 one	 hand,	 and	moderately	
preterm-born	 to	 full-term	 infants	 on	 the	 other	 hand.	 To	 this	 end,	we	 performed	 an	
extensive	 follow-up	 study	 at	 the	 age	 of	 seven	 and	 eight	 years	 of	 children	 born	 SGA	
(Chapters	5	and	6).

Cardiac function in FGR
In	Part	I	we	present	a	study	on	cardiac	function	in	FGR	with	prenatal	ultrasound.	We	
found	that	left,	right,	and	septal	LAD	measured	with	spatiotemporal	image	correlation	
(STIC)	 was	 reduced	 in	 FGR	 in	 comparison	 to	 age-matched	 controls	 (Chapter	 2).	
Cardiac	LAD,	commonly	used	in	adult	echocardiography,	is	a	parameter	that	measures	
myocardial	motion.(1,2)	In	2001,	Carvalho	et	al	applied	LAD	to	fetal	echocardiography	
and	found	it	to	be	a	useful	tool	to	assess	systolic	and	diastolic	function	of	the	fetal	heart	
for	clinical	purposes.(3)	In	FGR,	the	heart	is	a	central	organ	in	the	adaptive	mechanisms	
following	 placental	 insuf�iciency	 and	 it	 can	 already	 display	 profound	 structural	 and	
functional	changes	prenatally.(4-6)	In	a	previous	report	LAD	was	decreased	in	a	group	
with	severe	FGR.(7)	In	FGR,	however,	LAD	was	only	measured	online	with	motion	mode	
(M-mode).	This	has	several	disadvantages,	one	being	that	LAD	measurements	are	less	
precise	 due	 to	 fetal	movements.	 Another	method,	 spatiotemporal	 image	 correlation	
(STIC),	allows	LAD	to	be	measured	of�line	by	using	four-dimensional	(4D)	ultrasound	
analysis.	We	hypothesized	that	STIC	is	the	better	method	to	measure	cardiac	function.	
To	test	this	hypothesis,	we	compared	the	online	M-mode	of	measuring	LAD	in	FGR	with	
the	of�line	 STIC	method	 (Chapter	2).	The	STIC	method	proved	 to	be	better	 than	 the	
online	M-mode	in	detecting	reduced	cardiac	motion.	The	disadvantage	of	using	STIC,	
however,	is	that	the	clinician	has	to	invest	time	in	learning	to	use	the	technique	and	how	
to	analyze	it.	The	latter	method	might,	therefore,	be	better	suited	for	use	in	a	research	
setting.	If	the	clinician	is	able	to	invest	in	learning	how	to	use	the	STIC	technique,	the	
advantage	is	that	it	is	a	useful	aid	in	clinical	decision-making.	The	of�line	technique	is	
not	only	of	value	in	FGR	management,	but	adds	in	the	clinical	approach	of	various	fetal	
cardiac	anomalies.(8)	STIC	allows	clinicians	to	store	a	4D	image	of	the	fetal	heart	to	be	
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viewed	whenever	the	need	arises.	This	enables	clinicians	to	quietly	reexamine	a	fetal	
cardiac	defect	after	clinic	hours	and,	if	need	be,	consult	a	colleague	about	the	anomaly	
with	the	4D	image	of	the	fetal	heart	at	hand.	We	recommend	implementing	STIC	as	part	
of	clinical	practice	of	obstetricians	 involved	 in	FGR	and	 fetal	assessment	of	potential	
congenital	cardiac	defects.

Prenatal predictors of neonatal distribution of circulation
In	Part	II	we	present	a	study	on	prenatal	Doppler	measurements	and	its	associations	
with	neonatal	circulatory	consequences	of	FGR	(Chapter	3).	Low	middle	cerebral	artery	
(MCA)	PIs	and	low	cerebroplacental	ratio	(CPR),	indicating	brain	sparing	before	birth,	
were	 strongly	 associated	with	 a	 low	 cerebrorenal	 ratio	 after	birth,	 indicating	higher	
postnatal	blood	supply	to	 the	cerebrum	than	to	the	renal	region.	We	speculated	that	
if	brain	sparing	is	present	in	fetal	circulation,	redistribution	of	the	circulation	persists	
during	 the	 �irst	 three	days	 after	birth.	The	novelty	of	 this	 study	 is	 that	we	were	 the	
�irst	to	study	hemodynamic	changes	due	to	FGR	from	the	prenatal	period	to	two	weeks	
after	 birth.	 Previous	 studies	 report	 on	 the	 relationship	 between	 prenatal	 Doppler	
measurements	 and,	 inter	 alia,	 neonatal	 cranial	 ultrasound	 and	 echocardiography	 in	
FGR,	but	not	NIRS.	Scherjon	et	al	performed	cranial	ultrasound	in	FGR	neonates	with	
an	 interval	 of	 several	 hours	 after	 birth	until	 one	week	postpartum.	They	 found	 that	
fetal	brain	sparing	 is	related	to	a	higher	neonatal	cerebral	blood	 �low	velocity	 in	 the	
MCA.(9)	Thus,	prenatal	brain	sparing	 is	associated	with	postnatal	preferential	blood	
�low	 to	 the	 brain,	which	 is	 in	 line	with	 our	 �indings	 (Chapter	 3).	However,	 Scherjon	
et	al	only	studied	neonatal	cerebral	blood	�low,	whereas	we	investigated	the	relation	
between	cerebral	and	systemic	blood	�low	and	overall	distribution.	Recently,	Turan	et	
al	studied	the	relation	between	prenatal	Doppler	measurements	in	FGR	and	neonatal	
echocardiography.(10)	In	their	study,	umbilical	artery	(UA)	PIs	were	not	predictive	of	
neonatal	 echocardiographic	 �indings,	 but	 neonates	 with	 mild	 placental	 dysfunction	
did	show	visual	evidence	of	impaired	cardiac	contractility.	This	may	be	due	to	the	fact	
that	no	association	exists.	Alternatively,	the	changes	shown	by	the	neonatal	heart	are	
very	 subtle	 and	might,	 therefore,	 not	 prove	 an	 association.	 By	 contrast,	we	 did	 �ind	
associations	 between	 prenatal	 Doppler	 measurements	 and	 neonatal	 circulation,	 in	
particular	redistribution	of	the	circulation.	We	speculate	that	NIRS	is	a	sensitive	method	
to	establish	distribution	of	circulation	in	FGR	in	the	transitional	period.	

Pathophysiological process of FGR
In	case	of	FGR,	the	circulation	of	the	fetus	adapts	to	diminished	availability	of	oxygen	
and	 nutrients.	 Baschat	 hypothesized	 about	 this	 pathophysiological	 process	 in	 terms	
of	three	phases;	preclinical,	clinical,	and	decompensation	-	the	latter	corresponding	to	
fetal	demise.(11)	We	adapted	the	�irst	two	phases	of	this	hypothesis	and	visualized	it	
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in	a	scheme	in	which	we	propose	changes	in	growth,	Doppler	PI	measurements,	and	
neonatal	distribution	of	circulation	measured	with	NIRS	(Figure	1).	In	the	preclinical	
phase	of	FGR,	a	reduction	in	blood	�low	volume	from	the	placenta	occurs	and,	as	a	result,	
less	oxygen	and	nutrients	are	available	to	the	 fetus.	These	metabolic	changes	trigger	
venous	redistribution.	More	blood	is	diverted	from	the	umbilical	vein	into	the	ductus	
venosus	(DV)	 to	 the	detriment	of	portal	hepatic	perfusion,	resulting	 in	reduced	 liver	
growth.	Since	the	liver	is	one	of	the	major	contributors	to	abdominal	size,	the	abdominal	
circumference	no	longer	reaches	its	expected	growth.	At	the	same	time,	hypoxemia	and	
hypoglycemia	 cause	 impaired	myocardial	 contractility,	 as	 seen	 by	 decreased	 LAD	 of	
the	fetal	heart	(Chapter	2).(10-12)	Since	our	study	group	mostly	included	fetuses	with	
normal	Doppler	measurements,	we	speculate	that	reduced	LAD	is	an	expression	of	the	
preclinical	phase.	Next,	redistribution	of	fetal	cardiac	output	occurs,	causing	increased	
blood	 �low	 to	 the	brain	and	heart,	and	simultaneous	peripheral	vasoconstriction,	 i.e.	
abdominal	 organs.	 As	 a	 consequence,	 Doppler	 measurements	 start	 to	 deteriorate,	
resistance	 in	 the	 UA	 increases	while	 it	 decreases	 in	 the	MCA,	 CPR	 drops,	 and	 brain	
sparing	is	a	fact.	During	this	phase	the	fetus	enters	the	clinical	phase	(Figure	1).(12)	
Apparently,	this	adaptation	of	the	circulation	continues	until	three	days	after	birth	and	
is	re�lected	in	lower	cerebral	fractional	tissue	oxygen	extraction	(FTOE)	compared	to	
renal	FTOE	(Chapter	3).

Figure 1. The pathophysiological process of fetal growth restriction (FGR). 
Abbreviations: PI - pulsatility index, NIRS - near-infrared spectroscopy, FTOE - fractional tissue oxygen 
extraction.
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Brain sparing
The	 association	 between	Doppler	measurements	 and	NIRS	 in	 FGR	 is	 new.	We	were	
intrigued	to	�ind	that	brain	sparing	continued	until	three	days	after	birth.	Previously,	
Bozetti	et	al	studied	the	use	of	NIRS	in	FGR,	but	without	considering	prenatal	Doppler	
measurements,	and	con�irmed	the	postnatal	presence	of	brain	sparing	up	to	three	days	
after	birth(13)	At	mean	12	hours	as	well	as	mean	63	hours	after	birth,	cerebral	FTOE	
was	lower	than	splanchnic	FTOE	in	FGR	infants.	Unfortunately,	they	did	not	measure	
NIRS	after	72	hours.	Therefore,	our	�inding	that	brain	sparing	had	disappeared	on	Day	
4	after	birth	could	not	be	con�irmed.	Scherjon	et	al	did	�ind	a	signi�icantly	higher	mean	
velocity	of	the	MCA	during	the	�irst	week	of	postnatal	life	in	infants	with	an	abnormal	
fetal	 CPR	 compared	 to	 a	 normal	 CPR.(9)	 They	 studied	 infants	with	 abnormal	 CPRs,	
but	only	half	of	them	had	a	birth	weight	below	the	10th	percentile.	We	speculate	that	if	
fetuses	experience	brain	sparing,	it	is	associated	with	abnormal	blood	�low	of	the	MCA	
for	at	least	one	week	after	birth.	In	FGR	infants	who	experience	brain	sparing,	however,	
redistribution	of	 the	entire	neonatal	circulation	seems	to	adjust	 from	four	days	after	
birth.	Apparently,	brain	sparing	itself	affects	neonatal	cerebral	blood	�low	longer	than	
FGR	does,	whereas	FGR	has	more	in�luence	on	the	distribution	of	circulation	throughout	
the	body.	
	 Brain	sparing	not	only	in�luences	postnatal	circulation	after	FGR,	it	also	affects	the	
quality	 of	 general	movements	 (GMs)	one	week	after	birth	 (Chapter	4).	 In	our	 study,	
abnormal	Doppler	PIs	of	the	UA	and	MCA,	and	the	CPR	(thus	brain	sparing)	correlated	
strongly	with	abnormal	quality	of	GMs	on	Day	7	after	birth,	whereas	DV	PIs	did	not.	
Another	method	to	establish	the	infant’s	wellbeing	shortly	after	birth	is	the	neonatal	
behavioral	assessment	scale	(NBAS).	Using	this	method,	preterm	and	term-born	FGR	
infants	with	brain	sparing	were	studied	and	they	were	found	to	have	abnormal	scores	
in	the	motor	area.(14,15)	Unfortunately,	these	studies	did	not	include	follow-up	at	later	
ages.	We	reassessed	GMs	at	three	months	post	term	and	found	that	�idgety	GMs	(FMs)	
were	no	 longer	associated	with	prenatal	Doppler	measurements.	This	 is	 in	 line	with	
the	�indings	of	Zuk	et	al	who	found	that	neurodevelopmental	outcome	at	two	years	was	
normal	in	infants	with	normalized	GMs.(16)	Nevertheless	,	as	we	speculate	in	Chapter	4,	
normalization	of	GMs	from	term	to	three	months	post	term	might	still	be	a	risk	factor	for	
subtle	brain	dysfunction.	Namely,	at	the	age	of	one-and-a-half	and	two	years,	FGR	infants	
with	brain	sparing	were	found	to	have	behavioral	problems	more	often,(17,18)	and	at	
�ive	years	they	more	often	have	lower	IQs.(19)	One	possible	explanation	for	impaired	
neurodevelopmental	outcome	after	brain	sparing	is	offered	by	Hernandez-Andrade	et	
al.	They	studied	regional	cerebral	blood	perfusion	at	different	hemodynamic	stages	in	
severe	FGR	and	found	that	deterioration	of	the	fetal	condition,	starting	with	abnormal	UA	
and	MCA	PIs,	was	associated	with	a	decrease	in	frontal	brain	perfusion.(20)	Therefore,	
they	suggested	that	an	abnormal	MCA	PI	(increased	perfusion)	becomes	visible	only	
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after	 the	decline	of	hemodynamic	protection	of	 the	 frontal	 area.	Thus,	brain	 sparing	
might	not	be	a	protective	mechanism,	but	the	�irst	sign	of	deterioration.	Conversely,	in	a	
different	study,	no	associations	were	found	between	brain	sparing	and	behavior	at	the	
age	of	eleven.(21)	We	speculate	that	once	growth-restricted	infants	reach	school	age,	
they	might,	in	the	meantime,	have	compensated	the	poor	brain	perfusion	experienced	
during	the	prenatal	period.

Neurodevelopmental course after FGR
In	 Part	 III	 we	 present	 an	 extensive	 follow-up	 study	 at	 school	 age	 of	 children	 born	
small	for	gestational	age	(SGA).	We	referred	to	them	as	SGA	and	not	FGR,	since	we	had	
no	 prenatal	 background	 information	 such	 as	 Doppler	 measurements.	 The	 children	
participating	in	the	study	in	Part	III	were	from	different	cohorts	than	the	infants	in	the	
study	presented	 in	Part	 II.	 In	 comparison	 to	matched	 controls,	 in	 very	preterm	SGA	
children	we	 found	 lower	 scores	 on	 performance	 IQ,	 selective	 attention,	 total	 motor	
skills,	and	manual	dexterity	(Chapter	5).	Moderate	preterm	and	full	term	SGA	children	
more	often	had	abnormal	scores	on	attention	control,	and	they	showed	a	non-signi�icant	
trend	towards	lower	IQs	than	controls	(Chapter	6).	Strikingly,	many	neuropsychological	
test	scores	in	SGA	children	at	school	age	were	comparable	with	their	peers	who	were	
born	 appropriate	 for	 gestational	 age.	 Exceptions	 were	 attention	 and,	 only	 in	 very	
preterm	children,	performance	IQ.	At	school	age,	attention	was	the	only	area	affected	in	
both	preterm	and	term-born	children	born	SGA.	Previous	studies	on	this	topic	reported	
con�licting	results.	At	�ive	to	eight	years,	attention	de�icit	disorder	scores	did	not	differ	
between	preterm-born	SGA	children	and	controls,	 although	 this	might	be	due	 to	 the	
use	of	a	questionnaire	rather	than	a	standardized	follow-up	test.(22)	At	six	years,	being	
born	SGA	is	a	risk	factor	for	attention	problems,	but	this	risk	has	disappeared	at	the	
age	of	eight.(23)	Thus,	attention	problems	seem	to	be	present	at	school	age	in	children	
born	 SGA,	 but	 apparently	 they	 disappear	 as	 children	 grow	 older.(24)	We	 speculate	
that	 in	SGA	children,	attention	problems	are	present	until	a	certain	stage	 in	a	child’s	
cognitive	development,	and	that	these	problems	may	disappear	over	time.	To	the	best	
of	 our	 knowledge,	 it	 is	 unknown	which	 factors	 contribute	 to	 this	 so-called	 catch-up	
phenomenon	 (25)	 of	 attention	 skills,	 but	 perhaps	 the	 severity	 of	 growth	 restriction,	
underlying	placental	pathology,	and	gender	differences	may	exert	in�luence.(26,27)
	 The	 percentage	 of	 children	 with	 neurodevelopmental	 abnormalities	 after	 FGR	
seems	to	decrease	over	time	(Figure	2).	In	the	FGR	groups	we	studied,	the	quality	of	
GMs	on	Day	7	after	birth	was	abnormal	in	more	than	half	of	the	infants.	Subsequently,	
although	the	quality	of	FMs	at	three	months	post	term	was	only	abnormal	in	one	infant,	
half	 of	 the	 infants	had	a	quantitatively	 abnormal	 score,	 i.e.	 a	motor	optimality	 score	
(MOS)	of	less	than	25.(28)	At	school	age,	we	mostly	found	abnormal	scores	in	cognitive	
functions	of	SGA	children	(follow-up	in	Figure	2),	which	is	in	line	with	the	literature.
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(27)	 The	 question	 rises	 whether	 abnormal	 GMs	 and	 FMs	 are	 associated	 with	 later	
follow-up.	Unfortunately,	due	to	lack	of	time,	we	were	unable	to	perform	a	longitudinal	
study	in	FGR	including	GMs	and	follow-up.	Abnormal	quality	GMs	in	preterm	non-SGA	
children,	however,	is	associated	with	poor	cognition	at	seven	to	eleven	years.(29,30)	In	
addition,	not	only	the	quality	of	GMs,	but	quantitative	scores	of	motor	optimality	are	
also	associated	with	 later	neurodevelopmental	outcome.(28,31)	Therefore,	abnormal	
quality	GMs	and	an	abnormal	MOS	 in	 the	FGR	group	we	studied	 in	Part	 II,	might	be	
associated	with	poor	cognitive	outcome	at	school	age.	We	already	established	outcome	
of	SGA	children	in	different	cohorts	(Part	III),	but	future	research	is	needed	to	assess	
the	association	between	GMs	and	later	functional	outcome,	speci�ically	in	FGR	children.	
In	 conclusion,	neuropsychological	development	 after	FGR	 seems	 to	be	most	 affected	
shortly	after	birth,	yet	it	does	have	developmental	consequences	well	in	to	childhood.	
In	general,	 functional	outcome	at	 school	age	after	FGR	 is	better	 than	was	previously	
expected.

	
Figure 2. The course of neurodevelopment after fetal growth restriction (FGR) during childhood, a cross-
sectional overview. Bars show normal and abnormal percentages of the entire FGR group studied. Abnormal: 
GMs Day 7 poor repertoire, cramped-synchronized, or dyskinetic, FMs MOS < 25, FU mean total IQ, attention, 
and total motor skills of the preterm group and moderately preterm/full term groups combined. 
Abbreviations: GMs - general movements, FMs - fi dgety movements, FU follow-up, IQ - intelligence quotient, 
MOS - motor optimality score.

Early versus late FGR
From	the	studies	described	in	Parts	II	and	III	it	appears	that	outcomes	after	FGR	can	
differ	between	preterm	and	term-born	infants.	Table	1	summarizes	the	main	�indings	of	
the	various	studies	on	preterm	and	term-born	groups	presented	in	this	thesis.	Increased	
resistance	 in	 the	 fetal	 vessels	 occurred	 approximately	 equally	 often	 in	 the	 preterm	
and	 term-born	 FGR	 fetuses,	which	we	 interpreted	 as	 re�lecting	 comparable	 severity	
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of	FGR	in	the	two	groups.	Circulatory	redistribution	after	birth	was	more	pronounced	
in	 preterm	FGR	 compared	 to	 term	FGR	 (lower	 cerebral	 FTOE,	 and	 higher	 renal	 and	
splanchnic	FTOE).	Even	so,	fetal	Doppler	measurements	were	most	strongly	associated	
with	GMs	on	Day	7	after	birth	in	the	term	group,	whereas	associations	with	FMs	did	not	
differ	between	groups.	In	Chapter	4, we	speculated	that	this	might	be	due	to	a	higher	
incidence	of	comorbidity	in	the	preterm	group.(32)	Serious	complications	in	the	�irst	
days	after	birth	may	provoke	abnormal	GMs,	and	overshadow	the	original	association	
between	 Doppler	 measurements	 and	 GMs.	 At	 school	 age,	 attention	 was	 affected	 in	

Table 1. The main fi ndings of this thesis comparing preterm and term-born FGR groups.

Preterm Term

Doppler	PI
UA
MCA
CPR
DV

↑
↓
↓↓
↑

↑
-
↓
↑

NIRS

Cerebral	FTOE ↓ ↑

Renal	FTOE ↑ ↓

Splanchnic	FTOE ↑ ↓

GMs

Day	7 - Association	UA,	MCA,	CPR

FMs	3	months - -

Follow-up

Total	IQ
Verbal	IQ
Performance	IQ
Selective	attention
Attention	control
Verbal	memory:	immediate	recall
Verbal	memory:	delayed	recall
Visuomotor	integration
Executive	functioning
Total	motor	score
Manual	dexterity
Ball	skills
Static-dynamic	balance

=
=
↓
↓
=
=
=
=
=
↓
↓
=
=

↓
↓
=
=
↓
=
=
=
=
=
=
=
=

Doppler PI arrows represent PIs compared to clinically accepted cutoff s. NIRS arrows are FGR groups 
compared to each other. GMs represent whether associations with Doppler PIs were found. Follow-up arrows 
or “=” represent comparison with controls.
Abbreviations: PI - pulsatility index, UA - umbilical artery, MCA - middle cerebral artery, CPR - cerebroplacental 
ratio, DV - ductus venosus, NIRS - near-infrared spectroscopy, FTOE - fractional tissue oxygen extraction, GMs 
- general movements, FMs - fi dgety movements, IQ - intelligence quotient.
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both	preterm	and	term	groups,	albeit	in	different	subtests.	In	the	very	preterm	group,	
motor	function	was	also	affected,	whereas	in	the	moderately	preterm	and	term	group	
this	was	not	the	case.	 IQ	scores	did	not	differ	signi�icantly	with	those	of	the	controls	
in	both	groups,	but	we	did	see	a	trend	towards	lower	scores	on	performance	IQ	in	the	
preterm	group	in	contrast	to	the	term	group	that	had	lower	scores,	(but	not	statistically	
signi�icant)	than	non-SGA	controls	on	both	total	and	verbal	IQ.
	 Preterm-born	 FGR	 infants	 are	 at	 higher	 risk	 of	 perinatal	morbidity	 and	mortality	
than	term	FGR	infants,	especially	when	born	before	32	weeks	of	gestation.(33)	In	a	large	
prospective	 cohort	 study,	 Bassan	 et	 al	 reported	 lower	neonatal	 neurodevelopmental	
scores	 in	 preterm-born	 FGR	 infants	 together	 with	 increased	 perinatal	 morbidity	
in	 comparison	 to	FGR	 infants	born	 at	 term.(34)	 In	 this	 light,	 our	 �indings	of	more	 a	
pronounced	 neonatal	 redistribution	 of	 circulation	 in	 preterm	 FGR	 infants	 might	 be	
in	 line	with	these	previous	studies.	Surprisingly,	Bassan	et	al	 found	no	differences	 in	
neurodevelopmental	outcome	between	preterm	and	term	FGR	infants	at	 two	and	six	
years’	follow-up	of	the	same	cohort.	This	is	in	line	with	our	�indings	at	seven	and	eight	
years	(Part	III	and	Table	1),	since	in	both	groups	outcomes	did	not	differ	much	from	
those	of	controls	–	attention	being	the	exception.	We	conclude	that	preterm-born	FGR	
infants	 initially	have	a	higher	risk	of	complications.	Once	they	outgrow	the	perinatal	
period,	brain	 function	no	 longer	 seems	 to	be	affected	and	catch-up	might	even	have	
taken	place.	The	implication	might	be	that,	in	case	of	FGR,	early	delivery	is	considered	
a	viable	option	when	fetal-placental	abnormalities	are	evident,(34)	whereas	after	36	
weeks	of	gestation	non-intervention	is	safe.(35)	

Limitations of this thesis 
The	studies	described	 in	this	 thesis	were	subject	 to	potential	 limitations.	All	studies,	
except	 the	 study	 presented	 in	 Chapter	 6,	 were	 single-center	 studies.	 Therefore,	 the	
generalizability	of	 the	results	needs	to	be	established	 in	population	studies.	Another	
consequence	was	that	the	study	groups	were	small.	Furthermore,	we	studied	a	cross	
section	of	the	FGR	groups:	a	longitudinal	study	of	growth-restricted	cases	was	not	part	
of	 the	 study	designs	presented	 in	 this	 thesis.	We	did,	 however,	 provide	 an	 extensive	
overview	of	the	consequences	of	FGR	at	different	points	in	time,	encompassing	the	fetal	
period	to	school	age.	
	 In	this	thesis	we	used	different	de�initions	of	FGR.	In	Part	I,	we	de�ined	FGR	as	an	
EFW	below	the	10th	percentile.	Seven	percent	of	the	FGR	group	had	abnormal	PIs	of	the	
UA.	In	Part	II,	we	de�ined	FGR	as	an	EFW	or	abdominal	circumference	below	the	10th	
percentile,	or	de�lecting	fetal	growth,	and	UA	PI	was	abnormal	in	60%	of	the	cases.	In	
Part	III,	we	referred	to	the	children	as	SGA,	since	no	prenatal	Doppler	measurements	
were	available.	We	de�ined	SGA	as	a	birth	weight	below	the	10th	percentile	 (Chapter	
5)	and	below	-1	standard	deviation	in	order	to	increase	statistical	power	(Chapter	6).	
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Therefore,	 the	 groups	 studied	 in	 this	 thesis	 were	 heterogeneous.	 The	 advantage	 of	
different	de�initions	might	be	that	we	offer	different	points	of	view	on	the	consequences	
of	FGR.	

Growth charts and the detection of FGR
A	topic	that	we	did	not	address	in	this	thesis,	but	one	that	is	of	great	importance	for	
detecting	and	managing	FGR,	 is	 the	use	of	 growth	 charts.	 In	 this	 thesis	we	used	 the	
estimated	fetal	weight	(EFW)	charts	by	Verburg	during	pregnancy,(36)	and	the	birth	
weight	charts	by	Kloosterman	for	neonates.(37)	It	is	a	well-known	fact	that	true	birth	
weight	charts,	such	as	the	Kloosterman	and	PRN	curves	(the	latter	were	developed	by	
Stichting	Perinatale	Registratie,	a	Dutch	foundation	for	perinatal	registration)	(38),	are	
fundamentally	different	 from	EFW	charts	and	may	lead	to	an	underestimation	of	the	
severity	 of	 growth	 restriction,	 especially	 in	preterm	 infants.(39)	Birth	weight	 charts	
inevitably	include	non-healthy	preterm	infants	with	an	absolute	lower	10th	percentile	
value	 than	 on	 a	 growth	 chart	 based	 on	 EFW.	 Preterm	 infants	 with	 a	 birth	 weight	
just	above	the	10th	percentile	according	to	a	birth	weight	chart	could,	 in	fact,	be	FGR	
according	to	EFW	growth	charts.	In	order	to	identify	these	“hidden”	FGR	infants	(Figure	
3,	space	between	the	solid	and	dotted	lines),	some	suggest	using	growth	charts	based	
on	fetal	ultrasound	measurements	to	determine	birth	weight.(40)	The	disadvantage	of	
this	option	is	that	EFW	based	on	ultrasound	measurements	is	affected	by	a	margin	of	

Figure 3. Distribution of birth weight and estimated fetal weight. Weights are along the X-axis and the proportion 
of the sample along the Y-axis. 
Abbreviations: SGA - small for gestational age.
From Streimish et al. Early Human Development 88 (2012) 765-771.(41)
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±10%	of	the	true	weight,	due	to	measurement	variation.(40)	When	it	comes	to	the	study	
presented	in	Part	III,	in	which	we	used	birth	weight	curves	to	de�ine	SGA,	we	have	to	
keep	in	mind	that	we	might	have	missed	the	“hidden”	SGA	cases.	In	Chapter	6,	however,	
we	de�ined	SGA	as	a	birth	weight	of	-1	standard	deviation	or	more,	thus	below	the	16th	
percentile.	Therefore,	in	this	chapter,	we	might	already	have	included	the	“hidden”	SGA	
children.	It	is	important	to	realize	that	accurate	knowledge	of	the	duration	of	pregnancy	
is	essential	to	assess	the	adequacy	of	fetal	growth	and	to	determine	whether	a	fetus	is	
growth-restricted.

Conclusions and implications
This	thesis	provides	insight	into	the	developmental	course	of	infants	who	experienced	
growth	 restriction	 in	 utero.	We	 found	 that	 in	 FGR,	 of�line	 assessment	 of	 LAD	 using	
STIC	could	improve	conventional	online	M-mode,	so	as	to	detect	subtle	differences	in	
fetal	 cardiac	dysfunction.	Therefore,	 this	method	may	be	useful	 to	detect,	prenatally,	
those	FGR	infants	at	risk	of	cardiovascular	problems,	who	might	bene�it	from	postnatal	
interventions	to	improve	their	future	cardiovascular	health.	Next,	in	the	development	
from	 fetus	 to	 newborn	 infant,	 fetal	 brain	 sparing	 was	 associated	 with	 neonatal	
redistribution	of	 circulation	 and	with	neurological	 functioning	 one	week	 after	 birth.	
Since	cardiovascular	instability	may	be	caused	by	myocardial	dysfunction,	the	effects	
of	 persistent	 fetal	 circulation	 might	 become	 important	 in	 modifying	 early	 neonatal	
management.(10)	 Medical	 caregivers,	 such	 as	 neonatologists,	 general	 pediatricians,	
and	nurses	should	be	aware	of	the	consequences	of	fetal	brain	sparing	in	infants	born	
after	FGR.
	 At	school	age,	differences	in	functional	outcome	were	small	between	children	who	
experienced	growth	restriction	 in	utero	and	controls.	Attention	was	the	exception.	 It	
was	impaired	in	both	preterm	and	term-born	children.	In	addition,	total	and	�ine	motor	
skills	were	poorer	in	preterm	SGA	children	than	in	matched	preterm	non-SGA	controls.	
Even	 though	 abnormal	 neuropsychological	 outcomes	 after	 FGR	 seem	 to	 decrease	 as	
children	grow	older,	 attention	problems	 should	not	be	dismissed.	Especially	parents	
and	teachers,	who	experience	these	children	in	everyday	life,	should	be	aware	of	these	
potential	de�icits	due	to	FGR.	
	 In	 the	studies	presented	here,	 long-term	neuropsychological	consequences	of	FGR	
seem	moderate.	This	does,	however,	not	imply	that	consequences	of	FGR	in	other	areas	
should	be	neglected.	We	emphasize	the	effect	that	small	birth	size	might	have	on	the	
cardiovascular	system.	FGR	induces,	for	example,	primary	cardiac	and	vascular	changes	
at	�ive	years,(42)	which	might	be	related	to	an	increased	risk	of	ischemic	heart	disease	
in	later	life.(43)
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Future perspectives
For	 future	 studies	 we	 suggest	 examining	 whether	 associations	 between	 prenatal	
Doppler	measurements	 and	neonatal	 circulation	 and	neurology	 can	be	 con�irmed	 in	
larger	 samples.	 Furthermore,	 associations	 between	 prenatal	 Doppler	measurements	
and	 neonatal	 circulation	 and	 neurology	might	 become	 clearer	 if	 study	 groups	were	
de�ined	 by	 Doppler	 abnormalities.	 Not	 only	 studies	 on	 perinatal	 consequences	 of	
growth	 restriction,	 but	 also	 long-term	 neuropsychological	 research	 would	 bene�it	
from	ultrasound	data	 being	 included.	 Since	Doppler	measurements	 have,	 nowadays,	
entered	the	standard	management	protocol	of	FGR,	soon	these	parameters	should	be	
made	 accessible	 for	 long-term	 follow-up.	We	 also	 urgently	 recommend	 that	 the	 48	
infants	studied	in	Part	II	are	followed	up	until	school	age	in	order	to	assess	whether	
GMs	are	associated	with	late	functional	outcome	in	growth-restricted	children.	Finally,	
we	recommend	a	multidisciplinary	approach	to	FGR,	both	in	clinical	management	and	
research.
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English summary

Fetal	 growth	 restriction	 (FGR)	 is	 an	 inadequate	development	of	 the	 fetus.	Growth	 is	
present,	but	not	as	much	as	expected.	FGR	is	often	de�ined	as	an	estimated	fetal	weight	
(EFW)	below	the	10th	percentile	according	to	population	refe	rence	curves.	One	of	the	
most	important	causes	of	FGR	is	placental	pathology,	which	is	associated	with	perinatal	
mortality	and	short-term	and	long-term	morbidity.	Please	note,	growth	restricted	is	not	
the	same	as	being	born	preterm;	FGR	is	de�ined	as	being	small	according	to	gestational	
age,	whereas	preterm	means	being	born	too	early.

This	thesis	reports	on	studies	investigating	the	course	of	FGR	from	the	prenatal	period	
until	 school	 age.	 Our	 �irst	 aim	 was	 to	 study	 the	 reliability	 of	 prenatal	 ultrasound	
measures	of	the	fetal	cardiac	function	in	growth	restricted	fetuses.	Our	second	aim	was	
to	compare	prenatal	Doppler	measurements	with	early	and	 late	neonatal	 circulation	
and	 neurological	 development	 after	 FGR.	 Our	 third	 aim	 was	 to	 establish	 functional	
outcome	at	school	age	of	FGR	children	born	very	preterm	and	moderate	preterm	to	full	
term.

In	Part	I	we	report	on	our	study	of	cardiac	function	in	growth	restricted	fetuses	using	
prenatal	ultrasound.	Chapter	2	describes	the	long	axis	displacement	of	the	fetal	heart	
(LAD)	in	FGR,	comparing	online	motion	mode	(M-mode)	with	of�line	four-dimensional	
spatiotemporal	 image	 correlation	 (STIC).	 We	 found	 that	 left,	 right,	 and	 septal	 LAD	
measured	with	STIC	was	reduced	in	FGR	when	compared	to	age-matched	controls.	A	
non-signi�icant	trend	for	lower	values	in	FGR	was	found	when	using	online	M-mode.	STIC	
proved	better	able	to	detect	reduced	cardiac	motion	than	online	M-mode.	Even	though	
several	 advantages	 and	 disadvantages	 exist	 for	 STIC,	 we	 recommend	 implementing	
STIC	in	clinical	practice	for	obstetricians	managing	FGR.	It	may	also	be	used	in	case	of	
congenital	cardiac	defects.
	 In	Part	 II	 of	 this	 thesis	we	 report	on	our	 study	of	prenatal	predictors	of	neonatal	
outcome	 in	 FGR.	 In	 Chapter	 3,	 we	 describe	 the	 association	 between	 fetal	 Doppler	
parameters	 and	 neonatal	 circulation,	 measured	 with	 near-infrared	 spectroscopy	
(NIRS).	Fetal	Doppler	parameters	correlated	strongly	with	neonatal	NIRS	on	Days	1	to	3	
after	birth.	Pulsatility	index	(PI)	of	the	umbilical	artery	(UA)	correlated	with	renal	NIRS	
and	the	cerebrorenal	NIRS	ratio	(CRR).	Middle	cerebral	artery	(MCA)	PI	correlated	with	
cerebral	NIRS	on	Days	2	and	3	but	not	on	Day	1.	Cerebroplacental	ratio	(CPR)	correlated	
with	CRR.	When	analyzing	early	and	late	FGR	separately,	associations	were	strongest	in	
the	early	FGR	group.	Thus,	low	MCA	and	low	CPR,	indicating	brain	sparing	before	birth,	
are	 strongly	 associated	with	 low	 CRR	 after	 birth,	 indicating	 relatively	 greater	 blood	
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volumes	to	the	cerebrum	than	to	the	renal	region.	We	speculated	that	if	brain	sparing	is	
present	in	the	fetal	circulation,	this	circulatory	adaptation	persists	during	the	�irst	three	
days	after	birth.
	 In	Chapter	4,	we	present	our	results	on	the	same	group	as	was	reported	on	in	Chapter	
3,	but	in	this	chapter	we	described	the	association	between	fetal	Doppler	parameters	
and	 the	 infant’s	 neurological	 development	 assessed	with	 general	movements	 (GMs).	
UA,	MCA,	and	CPR	correlated	strongly	with	the	motor	optimality	score	(MOS)	of	GMs	on	
Day	7	after	birth,	whereas	ductus	venosus	(DV)	did	not.	Doppler	measurements	did	not	
correlate	with	MOS	at	three	months	post	term.	Again,	brain	sparing	in	particular	was	
strongly	associated	with	GMs	of	abnormal	quality,	but	only	during	the	�irst	week	after	
birth.	The	associations	had	disappeared	three	months	post	term.	We	speculated	that,	
despite	normalization	of	GMs,	FGR	infants	may	still	be	at	risk	of	later	cognitive	delay	
and	subtle	brain	dysfunction.
	 The	results	presented	in	Part	II	demonstrate	that	prenatal	brain	sparing	persists	until	
three	days	after	birth,	and	that	it	is	associated	with	GMs	of	abnormal	quality	one	week	
after	birth.	Therefore,	brain	sparing	may	not	be	as	protective	as	previously	thought,	but	
that	shortly	after	birth	it	contributes	to	an	altered	neonatal	circulation	and	neurological	
manifestation.
	 In	Part	III,	we	described	long-term	functional	consequences	at	school	age	of	children	
born	small	for	gestational	age	(SGA).	We	refer	to	them	as	SGA	and	not	FGR,	since	we	had	
no	prenatal	background	information	such	as	Doppler	measurements.	The	children	we	
studied	in	Part	III	were	from	different	cohorts	than	the	infants	studied	in	Part	II.	Follow-
up	consisted	of	a	series	of	neuropsychological	tests	in	order	to	determine	intelligence	
quotient	 (IQ),	 attention,	 memory,	 visuomotor	 integration,	 executive	 functioning,	
behavior,	and	motor	skills.
	 In	Chapter	5,	we	present	our	�inding	that	eight-year-old	children	born	very	preterm	
and	SGA	had	 lower	 scores	on	performance	 IQ,	 selective	 attention,	 visual	 perception,	
total	motor	skills	and	�ine	motor	skills,	compared	with	controls.	Other	scores,	such	as	
total	and	verbal	 IQ,	memory,	visuomotor	 integration,	executive	 functioning,	behavior,	
ball	skills,	and	balance	did	not	differ	between	groups.	All	together,	the	differences	we	
found	were	small.	This	suggests	that	 impaired	functioning	of	very	preterm-born	SGA	
children	 is	attributable	 to	 their	having	been	born	very	preterm	rather	 than	 to	being	
SGA.
	 In	Chapter	6,	we	present	our	comparison	of	moderate	preterm	and	full	 term	born	
SGA	children	with	controls,	who	took	part	in	the	Longitudinal	Preterm	Outcome	Project,	
a	community-based,	prospective	cohort	study.	The	outcome	of	SGA	children	was	similar	
to	that	of	their	peers,	except	for	attention	control.	Although	the	IQ	of	SGA	children	was	
three	points	lower,	this	difference	failed	to	reach	signi�icance.	Therefore,	at	school	age,	
children	born	SGA	have	a	greater	risk	of	obtaining	abnormal	test	scores	on	attention	
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control	 than	 controls,	 independent	 of	 gestational	 age.	 Even	 though	 the	 impact	 of	
these	outcomes	seems	limited,	the	consequences	for	school	performance	deserve	our	
attention.
	 Strikingly,	many	neuropsychological	test	scores	in	SGA	children	at	school	age	were	
comparable	 with	 their	 appropriate	 for	 gestational	 age	 born	 peers.	 Exceptions	 were	
attention	 and,	 only	 in	 very	 preterm	 children,	 performance	 IQ.	 We	 speculated	 that	
functional	problems	due	 to	being	born	SGA	are	only	 temporarily	present	 in	a	child’s	
cognitive	development,	and	seem	to	disappear	later	in	life.

The	studies	reported	on	in	this	thesis	provide	insight	into	the	course	of	FGR	from	the	
prenatal	 period	until	 school	 age.	 In	FGR	 fetuses	 and	 infants,	we	 found	 reduced	 fetal	
cardiac	motion,	neonatal	continuation	of	brain sparing	and	its	association	with	abnormal	
neurological	performance	one	week	after	birth.	At	school	age,	however,	differences	in	
functional	 outcome	 between	 children	 who	 experienced	 growth	 restriction	 in	 utero	
and	controls	became	small.	Based	on	the	�indings	presented	in	this	thesis,	we	advocate	
that	medical	caregivers	should	be	aware	of	the	consequences	of	fetal	brain	sparing,	in	
both	fetuses	and	infants	subjected	to	FGR.	Adequate	postnatal	care	from	parents	and	
attention	by	educators	may	contribute	towards	further	reducing	the	small	differences	
we	observed	in	functional	outcome	between	SGA	children	and	controls	at	school	age.



130

Chapter 8



131

8

Nederlandse samenvatting

Nederlandse samenvatting

Bij	 foetale	 groeirestrictie	 (FGR)	 is	 er	 sprake	 van	 onvoldoende	 ontwikkeling	 van	 de	
foetus.	Groei	is	vaak	wel	aanwezig,	maar	blijft	achter.	FGR	wordt	meestal	gede�inieerd	
als	het	geschatte	foetale	gewicht	(estimated fetal weight,	EFW)	onder	het	10de	percentiel	
volgens	 de	 referentiecurve	 van	 de	 populatie.	 De	 belangrijkste	 oorzaak	 van	 FGR	 is	
placentapathologie,	dat	geassocieerd	is	met	perinatale	sterfte	en	ziekte	op	korte	en	lange	
termijn.	Er	 is	overigens	een	verschil	 tussen	FGR	en	vroeggeboorte:	FGR	betekent	dat	
de	foetus	te	klein	is	voor	de	zwangerschapsduur.	Daarbij	kan	vroeggeboorte	optreden	
maar	het	is	ook	mogelijk	dat	de	zwangerschap	voldragen	wordt.	

Dit	proefschrift	richt	zich	op	FGR	en	gevolgen	daarvan	vanaf	de	prenatale	periode	tot	
schoolleeftijd.	Het	eerste	doel	was	om	de	betrouwbaarheid	van	prenatale	echometingen	
van	de	hartfunctie	in	de	groeivertraagde	foetus	vast	te	stellen.	Het	tweede	doel	was	om	
echometingen	van	de	bloedsomloop	voor	de	geboorte	te	vergelijken	met	vroege	en	late	
neonatale	uitkomsten:	circulatie	en	neurologie.	Het	derde	doel	van	dit	proefschrift	was	
om	de	functionele	ontwikkeling	te	bepalen	van	FGR	kinderen	die	te	vroeg	en	die	op	tijd	
geboren	zijn.

In	 deel	 1	 hebben	 we	 cardiale	 veranderingen	 door	 FGR	 onderzocht	 met	 prenatale	
echoscopie.	Hoofdstuk	2	beschrijft	de	cardiale	longitudinal annular displacement	(LAD)	in	
FGR,	waarbij	we	online motion mode (M-mode)	vergeleken	met	of�line	vierdimensionale	
spatiotemporal image correlation (STIC).	Linker,	rechter	en	septaal	LAD	waren	lager	in	
FGR	vergeleken	met	controles	met	gelijke	zwangerschapsduur	wanneer	gemeten	met	
STIC.	Met	online	M-mode	vonden	we	een	niet-signi�icante	trend	voor	lagere	LAD	in	FGR.	
Daarmee	concluderen	we	dat	STIC	een	beter	detectievermogen	heeft	dan	M-mode	in	
het	meten	van	verminderde	LAD	 in	FGR.	Ondanks	het	 feit	dat	STIC	als	methode	een	
aantal	nadelen	heeft,	adviseren	we	het	gebruik	van	STIC	in	de	dagelijkse	praktijk	van	
de	perinatoloog.	STIC	kan	zowel	voor	FGR	als	mogelijke	congenitale	hartafwijkingen	
worden	ingezet.
	 Het	 tweede	 deel	 van	 dit	 proefschrift	 richt	 zich	 op	 prenatale	 voorspellers	 voor	
neonatale	uitkomst	in	FGR	(deel	II).	In	hoofdstuk	3	beschrijven	we	de	associatie	tussen	
foetale	Doppler	parameters	en	neonatale	circulatie	in	FGR,	gemeten	met	near-infrared 
spectroscopy	 (NIRS).	 Foetale	 Doppler	 parameters	waren	 de	 eerste	 drie	 dagen	 na	 de	
geboorte	sterk	gecorreleerd	met	NIRS.	De	pulsatility index (PI)	van	de	arteria	umbilicalis	
(UA)	 correleerde	 sterk	 met	 renale	 NIRS	 en	 de	 cerebrorenale	 NIRS	 ratio	 (CRR).	 De	
tweede	en	derde	dag	na	geboorte	correleerde	de	PI	van	de	arteria	cerebri	media	(MCA)	
met	 cerebrale	 NIRS,	 maar	 niet	 de	 eerste	 dag	 postpartum.	 Cerebroplacentaire	 ratio	
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(CPR)	 correleerde	met	 CRR.	 Bij	 het	 apart	 analyseren	 van	 vroege	 en	 late	 FGR	 bleek	
dat	de	associaties	het	sterkst	waren	voor	vroege	FGR.	Op	basis	van	deze	bevindingen	
concluderen	we	dat	een	lage	MCA	en	lage	CPR,	beide	wijzend	op	brain sparing,	sterk	
geassocieerd	 zijn	met	 lage	 CRR	 na	 de	 geboorte.	 Dit	 betekent	 dat	 een	 relatief	 groter	
bloedvolume	naar	de	hersenen	gaat	dan	naar	de	renale	regio.	Het	lijkt	er	dus	op	dat	bij	
kinderen	met	FGR	de	circulatoire	veranderingen	van	brain sparing	voor	de	geboorte	tot	
drie	dagen	na	de	geboorte	voortduren.
	 In	 hoofdstuk	 4	 presenteren	we	 dezelfde	 studiegroep	 als	 in	 hoofdstuk	 3,	maar	 nu	
beschrijven	we	de	associatie	 tussen	 foetale	Doppler	parameters	en	de	neurologische	
ontwikkeling	van	FGR	kinderen	na	de	geboorte.	Neurologische	ontwikkeling	hebben	we	
onderzocht	door	general movements	(GMs)	te	beoordelen.	UA,	MCA	en	CPR	correleerden	
sterk	met	de	motor optimality score (MOS)	van	de	GMs	op	dag	7	na	de	geboorte,	maar	
dit	 gold	 niet	 voor	 de	 ductus	 venosus	 (DV).	 MOS	 drie	 maanden	 na	 de	 uitgerekende	
datum	 correleerde	 niet	meer	met	 de	Doppler	 parameters.	 Opnieuw	 is	brain sparing	
geassocieerd	met	 neonatale	 uitkomst,	 nu	met	 abnormale	 kwaliteit	 van	 de	 GMs	 een	
week	na	de	geboorte.	Dit	zou	kunnen	betekenen	dat	kinderen	met	FGR	en	brain sparing	
meer	risico	lopen	op	een	cognitieve	achterstand	en	milde	ontwikkelingsproblemen.	Het	
is	namelijk	bekend	dat	bij	kinderen	met	afwijkende	neonatale	GMs	die	drie	maanden	
na	de	uitgerekende	datum	zijn	 genormaliseerd,	milde	ontwikkelingsproblemen	vaak	
voorkomen.
	 In	het	derde	deel	van	dit	proefschrift	beschrijven	we	de	gevolgen	op	lange	termijn	
voor	kinderen	die	geboren	zijn	als	 small for gestational age (SGA).	We	noemen	deze	
groep	hier	SGA	en	niet	FGR,	omdat	we	geen	prenatale	informatie	hadden	zoals	Doppler	
parameters.	 De	 kinderen	 die	we	 onderzocht	 hebben	 voor	 deel	 III	 komen	uit	 andere	
cohorten	dan	 in	deel	 II.	Ook	de	 twee	hoofdstukken	onderling	bevatten	verschillende	
studiegroepen.	Middels	neuropsychologische	testen	hebben	we	de	volgende	functionele	
uitkomstmaten	bepaald:	 intelligentie	quotient	(IQ),	aandacht,	geheugen,	visuomotore	
integratie,	executieve	functies,	gedrag	en	motoriek.
	 In	hoofdstuk	5	vonden	we	dat	te	vroeg	geboren	SGA	kinderen	op	8-jarige	leeftijd	ten	
opzichte	van	te	vroeg	geboren,	maar	niet-SGA	kinderen	lager	scoorden	op	performale	IQ,	
selectieve	aandacht,	visuele	perceptie,	totale	en	�ijne	motoriek.	Andere	uitkomstmaten,	
zoals	 totaal	 en	 verbaal	 IQ,	 geheugen,	 visuomotore	 integratie,	 executieve	 functies,	
gedrag,	 balvaardigheid	 en	 balans	 verschilden	 niet	 tussen	 SGA	 en	 controle	 kinderen.	
De	verschillen	die	we	vonden,	waren	klein.	Dit	suggereert	dat	vroeggeboorte	voor	de	
32e	week	meer	bijdraagt	 aan	verminderd	 functioneren	op	 schoolleeftijd	dan	SGA	op	
zichzelf.	
	 Hoofdstuk	6	gaat	 in	op	functionele	uitkomst	van	kinderen	die	SGA	en	matig	vroeg	
geboren	 of	 op	 tijd	 geboren	 zijn.	 Dit	 onderzoek	was	 onderdeel	 van	 het	 Longitudinal 
Preterm Outcome Project,	 een	 prospectief	 cohort	 onderzoek	 naar	 vroeggeboorte.	
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De	 uitkomst	 van	 SGA	 kinderen	 was	 vergelijkbaar	 met	 de	 controle	 kinderen.	 Een	
uitzondering	was	aandacht.	Hoewel	het	totaal	IQ	drie	punten	lager	was	in	SGA	kinderen	
dan	in	de	controle	kinderen,	was	dit	verschil	niet	signi�icant.	We	concluderen	daarom	
dat	 kinderen	 die	 matig	 vroeg	 of	 op	 tijd	 geboren	 zijn	 en	 SGA	 zijn,	 een	 groter	 risico	
hebben	 om	 afwijkende	 test	 scores	 te	 hebben	 voor	 aandacht,	 ona�hankelijk	 van	 de	
zwangerschapsduur.	De	impact	van	deze	uitkomst	lijkt	beperkt,	maar	is	desalniettemin	
van	belang	voor	de	schoolprestaties	en	verdient	de	aandacht	van	ouders	en	docenten	
van	SGA	kinderen.
	 Opvallend	 is	 dat	 SGA	 kinderen	 op	 schoolleeftijd	 bijna	 vergelijkbare	 testscores	
hadden	als	de	controle	kinderen.	Een	uitzondering	was	aandacht,	en	alleen	in	matig	te	
vroeg	geboren	SGA	kinderen	ook	nog	het	performale	IQ.	Het	lijkt	erop	dat	SGA	alleen	
tot	een	bepaalde	leeftijd	invloed	heeft	op	de	functionele	uitkomst	van	kinderen	en	dat	
cognitieve	problemen	toegeschreven	aan	SGA	op	den	duur	weer	kunnen	verdwijnen.

Dit	 proefschrift	 geeft	 inzicht	 in	 het	 beloop	 van	 FGR,	 geobserveerd	 van	 de	 prenatale	
periode	tot	schoolleeftijd.	We	vonden	lagere	long axis displacement	bij	FGR	foetussen.	
Indien	brain sparing	prenataal	aanwezig	is	bij	FGR	lijkt	dit	zich	de	eerste	drie	dagen	na	
de	geboorte	voort	te	zetten.	Tevens	is	prenatale	brain sparing	in	FGR	geassocieerd	met	
afwijkende	neurologie	een	week	na	de	geboorte.	Later,	op	schoolleeftijd,	zijn	verschillen	
tussen	SGA	kinderen	en	controles	echter	klein,	maar	niet	verwaarloosbaar.	Op	basis	van	
dit	proefschrift	attenderen	we	obstetrici,	kinderartsen	en	andere	medici	op	de	gevolgen	
van	 foetale	brain sparing	 in	FGR,	zowel	 tijdens	de	zwangerschap	als	na	de	geboorte.	
Ondanks	kleine	verschillen	in	functionele	uitkomst	op	schoolleeftijd	bij	SGA	kinderen,	
moeten	ouders	en	docenten	zich	bewust	zijn	van	de	mogelijke	gevolgen	van	SGA.
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Abbreviations

Abbreviations
AGA	 appropriate	for	gestational	age
AREDF	 absent	or	reversed	end-diastolic	�low
BMI	 body	mass	index
BPD	 bronchopulmonary	dysplasia
BW	 birth	weight
CI	 con�idence	interval
CPR	 cerebroplacental	ratio
CRR	 cerebrorenal	ratio
CSR	 cerebrosplanchnic	ratio
DV	 ductus	venosus
EFW	 estimated	fetal	weight
FGR	 fetal	growth	restriction
FMs	 �idgety	general	movements
FTOE	 fractional	tissue	oxygen	extraction
GA	 gestational	age
GMs	 general	movements
HC	 head	circumference
IUGR	 intrauterine	growth	restriction
IQ	 intelligence	quotient
IVH	 intraventricular	hemorrhage	
LAD	 longitudinal	annular	displacement
M-mode	 motion	mode
MCA	 middle	cerebral	artery
MOS	 motor	optimality	score
MPT	 moderate	preterm
NEC	 necrotizing	enterocolitis
NIRS	 near-infrared	spectroscopy
OR	 odds	ratio
PI	 pulsatility	index
RDS	 respiratory	distress	syndrome
rSO2	 regional	tissue	oxygen	saturation
SD	 standard	deviation
SES	 socioeconomic	status
SGA	 small	for	gestational	age
STIC	 spatiotemporal	image	correlation
UA	 umbilical	artery
UtA	 uterine	artery
US	 ultrasound
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Dankwoord 

Beste	 lezer,	 promoveren	 doe	 je	 niet	 alleen.	 Daarom	 wil	 ik	 iedereen	 bedanken	 die	
mij	 de	 afgelopen	 jaren	 op	wat	 voor	manier	 dan	 ook	 geholpen	 heeft	 dit	 proefschrift	
werkelijkheid	te	laten	worden.	

Beste	Arie,	in	2008	mocht	ik	als	derdejaars	student	bij	jou	als	professor	langskomen.	
We	bespraken	de	mogelijkheden	om	naast	mijn	studie	een	klein	onderzoeksproject	te	
starten.	Niet	alleen	was	je	enthousiasmerend	over	de	inhoud,	je	nam	de	tijd	om	me	de	
NICU	te	laten	zien	en	stelde	je	toegankelijk	op.	Al	snel	merkte	ik	dat	ik	het	onderzoek	
leuk	 vond	 en	werd	 door	 jou	 steeds	 gestimuleerd	 om	 verder	 te	 gaan.	 Zo	 volgde	 een	
wetenschappelijke	 stage	 en	 later	 het	 MD	 PhD	 traject.	 Je	 hebt	 me	 altijd	 het	 volste	
vertrouwen	 gegeven	 en	 je	 nodigde	mij	 en	 de	 andere	 studenten	 uit	 om	 op	 de	 grote	
wereldcongressen	voor	kindergeneeskunde	ons	onderzoek	te	presenteren.	Arie,	jouw	
vertrouwen,	optimisme	en	inzet	heeft	mijn	promotietraject	glans	gegeven.	Ik	heb	niet	
alleen	inhoudelijk	veel	van	je	geleerd,	maar	ook	van	jou	als	persoon.	Dankjewel.

Beste	Katia,	voor	mijn	MD	PhD	traject	wilde	ik	graag	vakgroep	overstijgend	onderzoek	
doen:	bij	de	obstetrie	en	neonatologie.	Wat	was	ik	blij	dat	jij	onlangs	naar	Groningen	
was	gekomen	en	mij	wilde	begeleiden	in	het	onderzoek	naar	foetale	groeirestrictie.	Bij	
de	start	van	mijn	promotieonderzoek	maakte	jij	van	de	nood	een	deugd	en	gaf	je	mij	de	
ruimte	om	mij	de	echoscopie	eigen	te	maken.	In	een	aantal	maanden	heb	ik	veel	geleerd	
van	jou	en	je	collega’s	bij	de	prenatale	diagnostiek.	Maar	niet	alleen	inhoudelijk	heb	ik	
veel	van	 je	geleerd.	 Je	hebt	zelf	een	 internationale	route	bewandeld	 in	 je	carrière	en	
wenste	mij	dat	ook	toe.	Nog	voordat	ik	er	zelf	de	voordelen	van	zag,	had	jij	mijn	stage	in	
Barcelona	al	geregeld.	Ik	ben	je	daar	ontzettend	dankbaar	voor,	omdat	het	me	zowel	als	
wetenschapper	en	als	persoon	rijker	heeft	gemaakt.

Graag	wil	 ik	de	 leden	van	de	 leescommissie	bedanken	voor	hun	 tijd	 en	 inzet	bij	 het	
beoordelen	van	dit	proefschrift:	prof.	dr.	H.	Lafeber,	prof.	dr.	S.A.	Scherjon	en	prof.	dr.	
G.H.A.	Visser.

Dear	 doctora	 Crispi,	 dear	 Fatima,	 thank	 you	 for	 welcoming	 me	 with	 open	 arms	 in	
Barcelona.	Professor	Gratacos,	thank	you	for	giving	me	the	opportunity	to	work	in	your	
well-known	research	center.	Doctora	Bennasar,	Mar,	 even	after	my	 in�inite	questions	
about	4D	ultrasound,	you	kept	helping	me	with	a	smile,	at	any	time.	Of	course,	all	my	
direct	collegues	of	the	Department	of	Maternal-Fetal	Medicine,	thank	you	for	making	
my	time	worthwhile	in	Barcelona.	I	still	long	for	the	lunches	and	yoga	classes	we	had	in	
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the	Helios	gardens.	Elena	and	Audrey,	thanks	for	learning	me	how	to	take	good	coffee	
breaks.	In	particular,	I	would	like	to	thank	Gülçin,	for	being	my	dear	friend.	

To	all	ICFOnians:	you	have	made	my	time	in	Barcelona	worth	remembering.

Lieve	collega’s,	lieve	medebewoners	van	de	krochten	der	Triadegebouw.	Lamellen	dicht,	
verdieping	 -1	 onder	de	 grond,	 vreemde	geluiden	 van	de	boven-	 en	overburen,	maar	
toch.	Ik	had	het	niet	willen	missen.	Wat	hebben	we	een	lol	gehad,	daar	zo	afgezonderd	
van	de	bedrijvigheid	van	wat	 ik	noemde	het	hoofdgebouw.	Een	 lekkere	kof�ie	halen?	
Daar	moesten	we	tien	minuten	wandeltijd	voor	over	hebben.	Maar	vervolgens	konden	
we	uren	zitten	genieten	van	dat	(te	dure?)	kopje	kof�ie.	Dat	vervolgens	helaas	wel	eens	
door	de	bazen	opgemerkt	werd.	
	 Michelle,	mijn	maatje	 op	 links,	wat	 heb	 ik	 veel	met	 je	 gelachen,	maar	 ook	 tranen	
gedeeld.	 Je	 hebt	 altijd	 voor	me	 klaar	 gestaan,	 meegedacht	 bij	 problemen,	metingen	
gedaan	 en	mijn	 statistische	 vragen	 beantwoord.	Wat	 heerlijk	 dat	 onze	 bureaus	 zo’n	
wereld	 van	 verschil	 zijn	 (bij	 jou	 status	 na	 ontplof�ing,	 bij	 mij	 neurotische	 netheid),	
misschien	juist	daarom	kun	je	me	zo	goed	de	spiegel	voorhouden.	Janyte,	mater	familias,	
east-sider,	oprjochte	Fries.	Wat	konden	we	lekker	debatteren	over	muziek,	want	laten	
we	wel	wezen:	over	smaak	valt	niet	te	twisten.	Jij	New	Kids	on	the	Block,	ik	Kinderen	
Voor	Kinderen.	 Tussen	 die	 hitjes	 door	 kon	 ook	 een	 goed	 gesprek	 niet	missen.	 Chris	
Peter,	toen	de	inwoners	van	Ten	Boer	op	televisie	verschenen	in	januari	2012	wegens	
de	 overstroming,	 zaten	 wij	 dagenlang	 gekluisterd	 aan	 het	 journaal.	 Het	 begin	 van	
een	gezellig	 jaar,	met	uitermate	goede	vrijdagmiddaghitjes!	Anne,	nog	een	east-sider,	
wat	super	dat	je	alsnog	de	laatste	maanden	met	ons	in	de	kelder	door	hebt	gebracht.	
Annemiek,	waar	moet	ik	beginnen.	Vrolijke	noot,	rasoptimist,	sarcast.	Maar	ook	ben	je	
een	hele	dierbare	vriendin	van	me	geworden,	met	vele	ritjes	op	de	race�iets,	biertjes	
voor-tijdens-en-na	etenstijd	en	vele	andere	wijntjes	en	Aperol	spritz.	Nu	maar	hopen	
dat	we	dat	allemaal	nog	tot	in	den	treure	kunnen	blijven	doen	en	zonder	kleerscheuren	
er	 vanaf	 komen.	 Marrit,	 mijn	 evenbeeld.	 Altijd	 lollig	 als	 we	 weer	 eens	 door	 elkaar	
gehaald	werden.	Nadat	je	je	promotie	afgerond	had	en	vertrok	uit	het	Triadegebouw,	
miste	ik	onze	klop-signalen	via	de	muur!	Elise	Roze,	bij	jou	startte	ik	mijn	onderzoek	
als	derdejaars	geneeskunde	student.	Ik	kon	je	altijd	de	meest	basale	vragen	stellen,	die	
je	me	vervolgens	met	plezier	uitlegde.	Je	hebt	me	destijds	nog	een	stukje	enthousiaster	
gemaakt	 voor	 het	 onderzoek.	 Andere	 vrienden	 en	 collega’s	 uit	 het	 Triadegebouw:	
Danique,	Djoeke,	Elise	Roze,	Elise	Verhagen,	Esther,	Floris-Jan,	Karen,	Karin,	Mark-Jan,	
Martijn,	Menno,	Mirthe,	Nicole,	Nynke,	Sara,	Sietske,	Tjitske	en	Willemijn	wat	waren	het	
lekkere	taartjes!
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Roos	 en	Danique,	wat	 �ijn	 dat	 jullie	 het	 stokje	 overnamen	 toen	 ik	 co-schappen	 liep.	
In	 het	 bijzonder	wil	 ik	 jullie	 bedanken	 voor	 alle	 ritjes	 de	 provincie	 in	 om	 te	 �ilmen	
en	weekenddagen	en	avonden	die	jullie	acuut	naar	het	ziekenhuis	zijn	gegaan	om	de	
metingen	te	starten.	Super!	Ook	wil	ik	Annelies,	Dyvonne,	Janyte,	Michelle,	Mirthe,	Nynke,	
Sara	en	Sietske	bedanken	voor	het	verzamelen	van	de	data	voor	mijn	proefschrift.	Lucia,	
thank	you	for	your	commitment	and	hours	of	performing	ultrasound	for	my	thesis.

Alle	neonatologen	en	natuurlijk	kinderneuropsychologen	(Koen	en	Anne):	bedankt	voor	
jullie	scherpe	aanwijzingen	bij	de	research	besprekingen	en	natuurlijk	de	ontzettend	
leuke	avonden	tijdens	de	congressen!

Ook	wil	ik	graag	alle	gynaecologen,	arts-assistenten,	verloskundigen	en	echoscopisten	
van	 het	 UMCG	 bedanken	 voor	 de	 hulp	 bij	 het	 includeren	 van	 patiënten.	 Door	 jullie	
samenwerking	 hebben	 we	 deel	 II	 van	 dit	 proefschrift	 werkelijkheid	 kunnen	 laten	
worden.

Ina,	Ineke,	José	en	Lida,	beste	research	nurses	van	de	gynaecologie,	wat	ontzettend	�ijn	
dat	jullie	met	me	meedachten	bij	het	includeren	en	traceren	van	patiënten.

Verpleegkundigen	van	de	NICU	en	K3	in	het	UMCG,	zonder	jullie	geen	metingen!	Jullie	
hebben	me	geleerd	de	allerkleinsten	met	zorg	te	benaderen	en	lieten	altijd	het	belang	
van	de	kinderen	voorop	staan.

Joke,	 Janette	 en	 Heidi,	 wat	 moest	 ik	 zonder	 jullie.	 Altijd	 wisten	 jullie	 een	 gaatje	 te	
vinden	in	de	agenda	van	Arie.	Maar	nog	veel	belangrijker,	jullie	hebben	me	geholpen	om	
klussen	die	wel	eens	veel	werk	op	hadden	kunnen	leveren,	in	een	handomdraai	klaar	
te	spelen.	Verder	wil	 ik	Jannie	Tjassing	en	Aad	van	Mourik	hartelijk	bedankt	voor	de	
organisatorische	en	�inanciële	hulp	de	afgelopen	jaren.

Beste	Titia	van	Wulfften	Palthe,	onzettend	bedankt	voor	alle	hulp	bij	de	correcties	van	
de	Engelse	teksten.	U	heeft	de	manuscripten	naar	een	hoger	niveau	gebracht.

Graag	wil	ik	alle	medewerkers	van	de	Junior	Scienti�ic	Masterclass	bedanken	voor	het	
mogelijk	maken	van	mijn	MD	PhD	traject.

Beste	Amanda	(Gautier	Scienti�ic	Illustration),	je	hebt	een	prachtig	en	passend	ontwerp	
gemaakt	voor	de	omslag	van	dit	proefschrift.	Dankjewel	voor	je	inzet	en	geduld.	



140

Chapter 8

Ouders	van	alle	kinderen	die	mee	hebben	gedaan	aan	de	in	dit	proefschrift	vermelde	
onderzoeken,	 dankjulliewel	 voor	 jullie	 vertrouwen.	Maar	 ook	wil	 ik	 de	 kinderen	die	
ik	 als	 foetus,	 pasgeborene,	 of	 jonge	 scholier	 heb	 leren	 kennen	 bedanken,	 voor	 jullie	
bijdrage	aan	de	wetenschap.

Laura,	 lieve	 Lau,	 najaar	 2008	 en	we	 vertrokken	 naar	 Berlijn.	 Studenten	 bij	 ISCOMS	
waren	we	en	we	hadden	het	onderzoek	als	gemene	deler.	Dat	bleek	al	gauw	het	begin	
van	 een	 bijzondere	 vriendschap.	 Wat	 kende	 je	 me	 al	 goed	 die	 koninginnenacht	 in	
2009,	waarbij	 jij	wel	door	had	dat	 ik	bestuur	van	 ISCOMS	wilde	doen.	Het	werd	een	
onvergetelijk	bestuursjaar	en	daarna	voor	ons	beide	de	start	van	een	MD	PhD	traject.	
We	proostten	samen	op	onze	toelating,	toen	wisten	we	nog	niet	wat	promoveren	écht	in	
zou	houden.	Maar	altijd	stak	je	me	een	hart	onder	de	riem	als	het	onderzoek	wéér	eens	
tegenzat.	Op	9	december	sta	je	naast	me,	ik	kan	me	geen	dierbaarder	paranimf	wensen.

Eline,	lieve	Elie,	ook	onze	vrienschap	begon	bij	ISCOMS.	Al	snel	gingen	we	samen	op	reis	
naar	Maleisië,	waar	we	promotie	maakten	voor	ons	congres	maar	vooral	ook	genoten	
van	het	mooie	weer.	 Jij,	 geen	 rijbewijs,	 zou	mij	 (wel	 een	 rijbewijs)	wel	 eens	 scooter	
leren	rijden.	Dat	hebben	we	geweten,	toen	we	de	lokale	politie	tegenkwamen.	Na	ons	
bestuursjaar	werden	we	of�iciële	maatjes	tijdens	de	junior	co-schappen.	Hoe	hadden	ze	
het	zo	bedacht.	Met	blauwe	nagellak	verschenen	wij	op	practica,	waarbij	de	docent	ons	
wees	op	onze	iatrogene	perifere	cyanose.	Inmiddels	ben	je	ook	aan	het	promoveren,	wat	
maakt	dat	ik	op	alle	vlakken	met	je	kan	sparren.	Ik	vind	het	ontzettend	�ijn	dat	jij	mijn	
paranimf	bent,	maar	nog	�ijner	dat	je	mijn	vriendin	bent.

Lieve	Durvina,	oudste	zus.	Als	kind	al	verwonderde	ik	me	over	jouw	precisie,	hoe	mooi	
en	netjes	je	kon	kleuren.	Je	had	de	liefde	en	het	geduld	om	mij,	met	de	motoriek	van	
iemand	die	vier	jaar	jonger	is,	bijna	net	zo	mooi	te	laten	kleuren.	Nog	steeds	heb	je	alles	
in	het	 leven	zo	goed	voor	elkaar	en	weet	 je	ook	vandaag	de	dag	mij	te	 laten	groeien.	
Huib,	 je	bent	 inmiddels	als	een	broer	voor	me,	en	de	vader	van	mijn	 lieve	nichtje	en	
nee�je	-	Katelijne	en	Jilles.	Jullie	bieden	me	altijd	een	warm	thuis,	dankjulliewel.

Lieve	 Rinske,	wat	 konden	we	 het	 oneens	 zijn	 als	 tieners.	 Het	was	 dan	 ook	 een	 gok	
om	samen	 in	Groningen	geneeskunde	 te	 studeren.	Maar	wat	ben	 ik	blij	dat	we	onze	
studententijd	samen	hebben	doorgebracht.	Je	bent	inmiddels	niet	alleen	mijn	zus,	maar	
ook	mijn	maatje.	Als	geen	ander	weet	jij	me	de	spiegel	voor	te	houden	en	me	op	z’n	tijd	
te	wijzen	op	alle	bureaucratische	zaken	die	nog	geregeld	moeten	worden.	Ik	waardeer	
je	enorm	en	heb	er	alle	vertrouwen	in	dat	je	een	goede	huisarts	wordt.
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Lieve	papa	en	mama.	Dit	proefschrift	had	er	niet	gelegen	zonder	jullie.	Al	van	jongs	af	aan	
hebben	jullie	mij	gemotiveerd	om	op	zoek	te	gaan	naar	wat	ik	leuk	vind	en	gestimuleerd	
om	begonnen	zaken	af	 te	maken.	Toen	 ik	 jullie	het	MD	PhD	 traject	voorlegde	waren	
jullie	 gelijk	 enthousiast	 en	 zijn	 dat	 tot	 vandaag	 gebleven.	 Ook	 al	 hebben	 jullie	 een	
medische	achtergrond,	de	wetenschappelijke	wereld	 is	 jullie	niet	altijd	even	bekend.	
Desondanks	hebben	jullie	alle	kleine	en	grote	stappen	in	de	afgelopen	jaren	met	veel	
plezier	gevolgd	en	me	daarin	gesteund.	Niet	voor	niets	heb	ik	jullie	dan	ook	geciteerd:	
een	weloverwogen	keuze	is	een	juiste	keuze.	Dankjulliewel.

Lieve	Janny,	ik	herinner	je.
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Jozien	was	born	as	Jozijntje	Christina	Tanis	on	August	16,	1988	in	Harlingen,	Friesland,	
The	Netherlands.	She	grew	up	in	Franeker	with	her	parents	Klaas	en	Mintsje	and	two	
elder	sisters	Durvina	and	Rinske.	When	she	was	12	years	old,	Jozien	started	Voorgezet 
Wetenschappelijk Onderwijs	 at	 the	Regionale Scholen Gemeenschap Simon Vestdijk in	
Harlingen,	from	which	she	graduated	in	2006.	In	September	of	the	same	year	she	started	
studying	medicine	at	the	University	of	Groningen.	In	2008,	Jozien	initiated	her	research	
at	the	Department	of	Neonatology	of	the	University	Medical	Center	Groningen	(UMCG),	
which	 subsequently	 led	 to	 admission	 to	 the	 MD	 PhD	 programme	 in	 2012.	 Because	
of	her	interest	 in	the	�ield	of	Obstetrics,	she	combined	her	research	in	this	�ield	with	
Neonatology	research.	In	2013,	she	did	her	medical	internships	at	the	Isala	hospital	in	
Zwolle.	In	addition	to	her	PhD,	Jozien	went	to	Barcelona,	Spain	for	a	research	project,	
in	 2014.	 Next	 to	 her	 studies,	 she	 did	 several	 extracurricular	 activities.	 For	 instance,	
she	 was	 president	 of	 the	 International	 Student	 Congress	 of	 (bio)Medical	 Sciences	
(ISCOMS)	and	treasurer	of	the	Groninger	Studentenorkest	Mira.	In	December	2015	she	
has	successfully	completed	both	her	medical	studies	and	the	MD	PhD	programme.	Her	
whishes	are	to	become	a	gynecologist.	
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